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INVESTIGATION OF STRUCTURAL, OPTICAL AND ELECTRONIC PROPERTIES OF
MODIFIED METHYLAMMONIUM LEAD IODIDE PEROVSKITES

Rasanjali Jayathissa, Ph.D.
Western Michigan University, 2019

Owing to their high-power conversion efficiency (PCE), easy processability, and low
fabrication cost, organic lead halide perovskites (OLHP) are emerging as a most promising
photovoltaic technology. However, toxicity of lead (Pb) is a major concern for further
development. Therefore, it is essential to explore nontoxic metals to replace lead in these materials.
In the current research work, nontoxic Mn2+, Na+ and Ba2+ are doped at 1, 5 and 10% mole
concentrations to partially substitute Pb2+ in methyl ammonium lead iodide (CH3NH3PbI3 or
MAPbI3) perovskite systems, and the effects of doping on structural, optical, electronic and
dielectric properties are investigated.
In the first part of the work, thin films of Mn2+ and Na+ doped MAPbI3 are fabricated from
perovskite precursor solutions containing metal acetates, using a single step spin coating
technique. They are characterized using Rutherford back scattering spectroscopy (RBS), x-ray
diffraction (XRD) and ultraviolet-visible spectroscopy (UV-Vis spectroscopy). RBS shows a
reduction of surface roughness upon addition of dopants to the perovskite films, which is favorable
for solar cell performances. XRD data confirms that the room temperature tetragonal structure of
the pristine material is preserved, but there is a shrinkage of the lattice as smaller sized Mn 2+ and
Na+ dopants are introduced. In addition, formation of smaller grains with Mn2+ doped samples are
observed whereas with the Na+ dopants such effects are not observed at the studied dopant levels.

UV-Vis absorption measurements confirm that these metals can be used to replace Pb in pristine
material at 1, 5 and 10% dopant concentrations without significantly altering the remarkable
absorption property of the pristine material. Furthermore, a procedure is optimized to fabricate
solar cells with FTO/c-TiO2/mp-TiO2/Perovskite/P3HT/Au configuration and a PCE of 16.7 %
with short circuit current density (Jsc) of 28.3 mA/cm2, open circuit voltage (Voc) of 0.99 V and fill
factor of (FF) of 0.58 for pristine material is obtained.
In the second part of the research, Ba2+ doped MAPbI3 polycrystals (MAPb1-xBaxI3 with x=
1%,5% and 10%) are successfully synthesized and their structural, calorimetric, ionic conductivity,
and dielectric properties are investigated using XRD spectroscopy, differential scanning
calorimetry (DSC) and impedance spectroscopy (IS). No new structures are formed upon doping
with Ba2+ ions, however it results a lattice expansion as shown by the XRD study. Moreover, as
deduced from DSC study on the doped crystals, Ba2+ shows no effect on the tetragonal to cubic
phase transition temperature of the pristine material. The IS measurements are used to find the
dark conductivity and the dielectric constants of the doped crystals at different temperatures. The
conductivity arises mainly from vacancy mediated iodide ion (I-) migration and the increase in
ionic conductivity with dopants is ascribed to lattice distortion caused by the isovalent ion doping.
The possibility of an increase in the number of I- vacancies due to lowering of defect formation
energies in the distorted lattice is suggested to explain the observed conductivity. In addition, the
bulk dielectric constant increases with increasing Ba2+ dopant amounts. This phenomenon is
correlated to the ordering of MA dipoles and the distortions of the Ba sites in the lattice. Finally,
the temperature dependence of the dielectric constants is observed for all the samples and it is
attributed to thermal effects on orientation polarization of MA molecules.
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CHAPTER 1
INTRODUCTION

1.1.Need for renewable energy sources
The increased demand of energy [1] with industrialization, urbanization, technological
boom and growing world population (Figure 1.1) has caused negative impact on the life of this
planet already. The main methods of generating energy, which includes combustion of fossil fuels
(coal, natural gas and petroleum) and nuclear fission of uranium, have shown noticeable negative
effects such as global warming and nuclear catastrophes (E.g. Fukushima) respectively. In
addition, fossil fuels are not renewable, they will deplete eventually. Also, due to the safety
concerns and the unsolved question of nuclear waste disposal, nuclear energy is not an effective
energy source for the future. Therefore, it is essential to find clean and renewable energy sources
for a sustainable development of human society.

Figure 1.1. Projected world energy demand for the year 2030 [1]
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Renewable energy sources are energy sources that are naturally replenishing. The main types of
renewable energy sources include biomass, hydropower, geothermal, tidal power, wind and solar energy.
Biomass, which is organic materials from plants and animals, can be burned directly or converted to liquid
biofuels or biogas that can be burned as fuels. Hydro power is where the force of water flowing in rivers and
streams produce mechanical energy which is later converted to electrical energy. The geothermal energy,
which is the heat continuously produces inside the earth core, can be used to generate power. Naturally
occurring tides and ocean waves are also producing power. The wind, which is caused by uneven heating of
the earth surface, can be used to produce electricity too. Solar energy, the direct radiation energy from the sun,
which is the ultimate source for most energy sources, can be converted to electricity.

Figure 1.2. Comparison of global energy potential with renewable and nonrenewable energy sources (Terawatts
per year). Total recoverable reserves are shown for the finite resources. For renewable sources, yearly potential is
shown. (Adapted with permission from [2])

All the above-mentioned renewable energy sources have much lesser negative impact on the
environment than conventional fossil energy technologies. They are cleaner, they do not produce harmful
gases and the carbon emission is only at a small level. They are dependable, abundant and potentially cheap,
2

once the technologies and the infrastructures are enhanced for each renewable energy sources. Figure 1.2
shows the comparison of global energy potential in terawatts per year for both renewable and nonrenewable
energy sources [2].

1.2. Solar energy
Among all the aforementioned renewable energy sources, free, clean and inexhaustible solar radiation
is most promising source to consider for a sustainable human society. It is carbon free and available all over
the world. The sun rising and setting is remarkably consistent, and we have decent seasonal and daily
projections for sunlight receive in different locations globally. Figure 1.3 shows the solar irradiation received
by the earth [3]. Depends on the location, some countries receive long hours of solar irradiance and make
ideal locations to take advantage of solar energy. Even though the weather conditions affect the use of solar
energy, as given in Figure 1.2, solar power could theoretically supply the world with all its energy needs.

Figure 1.3. Global horizontal solar irradiation map [3]

3

Generation of electricity using solar energy can be done by two methods: concentrated solar power (CSP) and
photovoltaics (PV). CSP uses mirrors and lenses to concentrate a large area of sunlight to generate heat and
steam to rotate conventional turbines [4]. In PV, sunlight is directly transformed into electricity and this
method is the most popular.

1.3. Photovoltaics (PV) and solar cells
PV is the direct conversion of light into electricity using a phenomenon called the “photovoltaic
effect”, the generation of an electrical potential difference at the junction of two different materials upon
exposure to light, which was discovered by French scientist Edmond Becquerel in 1839 [5]. The solar energy
conversion into electricity takes place in an electrical device called a solar cell (or photovoltaic cell). A PV
system employs solar panels, each consists of several solar cells. The solar cell requires three basic attributes
for its operation: 1) Absorption of light and generation of electron-hole pairs, 2) Separation of opposite charge
carriers and 3) Extraction of charge carriers to an external circuit. The conventional solar cells are made of
semiconductor materials, usually p-type and n-type doped crystalline silicon (c-Si).

Figure 1.4. Schematic of Si solar cell.

4

Figure 1.4 shows the components and basic operation of conventional p-n junction Si solar cell and
Figure 1.5 shows the corresponding energy band diagram. In n-type semiconductor majority of charge carriers
are negatively charged electrons which are compensated by positively charged ionized donor atoms, whereas
in p-type semiconductor holes are the majority carriers which are compensated by negatively charged ionized
acceptor atoms.

Space charge region

Figure 1.5. Energy band diagram of p-n junction in equilibrium. E, EC, Ef, EV and Eg denote electric field in the
space charge region (depletion region), minimum attainable conduction-band energy, Fermi energy, maximum
attainable valence-band energy and band gap energy respectively.

When p-type and n-type semiconductors are bought together, the difference in carrier concentrations
between p and n type regions makes a diffusion current of electrons from n-side to p-side and a diffusion
current of holes from p-side to n-side. This happens through the interface between p and n -type regions and
due to the diffusion process, this region becomes depleted of mobile charge carriers and gives rise to a space
charge created by the charged donor and acceptor atoms that are no longer compensated by mobile charges.
The space charge results an electric field in the p-n junction. Figure 1.5 shows the energy band diagram of pn junction under equilibrium. In there, the average energy of electrons, Fermi energy Ef, has a constant position

5

in the band diagram and the distance between Fermi level and conduction (EC) and/or valence (EV) bands
does not change in the quasi-neutral regions and is the same as in isolated n or p-type semiconductors. But
conduction and valence bands inside the space-charged region are represented by curved lines, which is an
indication of the electric field presence in this region. When a p-n junction is illuminated, additional charge
carriers are generated (photo generated e-h pairs) and the internal electric field in the space charge region
makes them separate and gives rise to flow of photo-generated current and as given in Figure 1.4, this current
can be used to power a load. The efficiency (also called Power Conversion Efficiency- PCE), which is defined
as the ratio of energy output from solar cell to input energy from the sun, is the most commonly used parameter
to compare the performance of one solar cell to another.

Figure 1.6. Basic classification of photovoltaics (Adapted with permission from [6]).

PV technologies can be classified [6] based on their historical development which was intended to
explore ways to make PV a reliable, cheaper and durable way to generate power (Figure 1.6). The first
generation, silicon wafer solar cells are the most commercially widespread as well as the oldest PV
6

technology. Due to their relatively high conversion efficiency and long lifetime, they currently control over
80% of the PV market and currently are at ~26% in the efficiency chart [7]. The second-generation PV cells
include thin film and building integrated PV technology (BIPV) [8]. They are thinner, more flexible and costeffective than their early generation counterparts. A variety of semiconductor materials are used from
amorphous silicon (a-Si) to cadmium telluride (CdTe), gallium arsenide (GaAs) and copper-indium-galliumselenide (CIGS). Laboratory testing has shown efficiencies equal to or greater than Si solar cells (Figure 1.7),
but their flexibility and cost has not been enough to overtake the conventional Si solar cells. The use of
polymer, photo electrochemical and dye-sensitized (DSSC) solar cells rose in the era of third generation PV
technology. Compared to Si and other inorganic material-based cells, they have incredibly cheap production
costs but the issues with durability, stability and low efficiency made them the least chosen products for
commercialization [9,10,11]. The fourth generation is the future of the PV technology, which includes new
photo absorber material, perovskites, with such cutting-edge technology as quantum dots [12] and nanowires
[13]. Perovskites evolved in 2009 to transform PV technology and currently displays an outstanding potential
with solar cell efficiencies 23.7% [7].
It is worth mentioning that the key factors need to be considered when moving PV technology from
laboratory to commercial products are low cost, high power conversion efficiency and longer lifetime. Si PV
technology hold more than 80% of the current PV market, because it delivers a package of high PCE as 21%
with long life time of >25 years for a low cost of 0.3 $W-1. In comparison, the emerging perovskite technology
hold promise of reaching PCE of ~23% and above with low manufacturing cost, which has been estimated
to be able to reach half of the that for crystalline Si, but still it struggles with lifetime issues, which seems more
likely to be the last technological barrier for its commercialization [14].
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Figure 1.7. Best Research-Cell Efficiency Chart for a research cells for a range of PV technologies, plotted from 2000 -present. This plot is courtesy of
the National Renewable Energy Laboratory, Golden, CO [7].

1.4. Perovskites in photovoltaics
1.4.1. Structure and evolution of perovskite photo absorber
Perovskite compounds commonly adapt a 3-dimensional (3D) crystal structure which consists of
three primary ions exhibiting a stoichiometry ABX3 similar to the mineral, calcium titanate (CaTiO3) also
known as perovskite. A German mineralogist, Gustav Rose, discovered CaTiO3 and it was named after a
Russian mineralogist, Lew A. Perovski [15]. The A, B and X ions are typically represented by a large metal
cation, a smaller metal cation and anion respectively. In the idealized cubic perovskite structure, the ions are
arranged in such a way that the cation A forms 12-fold cuboctahedra coordination and cation B forms 6-fold
octahedral coordination of anion X as shown in Figure 1.8(a) [16].
The structural stability is deduced by considering the Goldschmidt’s tolerance factor (t) and
octahedral factor (μ) given by,
𝐭=

𝐑𝐀 + 𝐑𝐗
√𝟐(𝐑 𝐁 + 𝐑 𝐗 )

𝛍=

𝐑𝐁
𝐑𝐗

Eq.1.1

Eq.1.2

where,𝐑 𝐀 , 𝐑 𝐁 and 𝐑 𝐗 are radii of cation A, cation B and anion X respectively. The t factor evaluates whether
the A cation can fit within the cavity formed by BX3 framework and the factor μ assesses the fit of the cation
B in the BX6 octahedron [17,18]. For an example, for halide perovskites (where X= F, Cl, Br, I), t and μ lie in
the ranges 0.81< t < 1.11 and 0.44 < μ < 0.90. For t values in the range 0.89-1.00 results cubic structure and
less symmetric tetragonal and orthorhombic structures are likely to form for lower t values. On the other hand,
for t > 1 3D network would not stands and results 2D layer structure [18]. However, for any given perovskite,
transitions between such structures are possible upon heating (Figure 1.8 (b)).
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Figure 1.8. (a) Cubic perovskite crystal structure. (Adapted with permission from [16]) and (b) comparison of
cubic, tetragonal and orthorhombic perovskite structures.

The hybrid perovskite family of organic-inorganic metal halide perovskite (OIMH) (where A is an
organic molecule, B is an inorganic post-transition metal and X is a halide) is the present interest of perovskites
in PV applications. The A cation is generally considered to be for charge compensation in the lattice and does
not contribute to the band structure. However, size variation of A will strongly influences the optical properties
due to deformation of the BX64- octahedral network. In 1978 Weber used methyl ammonium (CH3NH3+) and
formamidinium (CH(NH2)2+) ions for A cation to form Sn and Pb halide perovskites [19] and the structureproperty relationship in CH3NH3PbI3 and CH3NH3SnI3, was explored by an IBM researcher, David B. Mitzi,
in 1999 [20]. It was evident that in above ABX3 geometries, lead halide perovskites with 0.84 < t < 0.86 have
higher tolerance than their Sn counterpart with 0.91 < t < 0.95 and use of Pb over Sn was justified.
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Figure 1.9. Calculated t and μ factors for some OIMH perovskites. The corresponding formamidinium (CH(NH2)2+)
based halides are expected to have intermediate values between those of methyl ammonium (CH 3NH3+ or MA) and
ethyl ammonium (CH3CH2NH3+ or EA) compounds shown. (Adapted with permission from [16]).

Using CH3NH3PbX3 (X= Br, I) as photo absorbers in solar cells was first published in 2009 by Akihiro
Kojima et al [21]. Since then, OILH (Organic-Inorganic Lead Halide) perovskite based solar cells have
revolutionized the field of photovoltaics with excellence cell performance benefits from their inherited
material properties such as stronger and broader light absorption, high dielectric constants, ultrafast carrier
charge separation, high carrier mobility and optimized carrier diffusion lengths and factors related to ease of
processing with inexpensive fabrication costs compare to other PV technologies [16] (which will be discussed
later in the chapter). It is also important to mention that, as given in Figure 1.7, the rapid progress towards high
solar cell efficiencies has been achieved within just a few years, along with the rapid developments of device
architectures, processing techniques and novel OIMH perovskites [22].
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1.4.2. Electronic structure of OILH perovskites
In OILH perovskites, the electronic structure is mainly dominated by PbX64- octahedral blocks.
Unlike most cations whose outer s orbitals are empty, Pb has an occupied 6s orbital which can interact with
p-orbitals of a suitable x-anion to generate Pb 6s states close to the Fermi level (Ef) of the perovskite. In the
case of PbI64- units, the conduction band (LUMO - lowest unoccupied molecular orbital) is determined by (i)
Pb 6p-I 5p π-antibonding and Pb 6p-I 5s σ-antibonding orbitals and the higher occupied states ,the valence
band, can be decomposed into three parts: HOMO - highest occupied molecular orbital is determined by (ii)
Pb 6s-I 5p σ-antibonding which is at the top of the states , (iii) I 5p orbitals in the middle energy region, and
(iv) Pb 6p –I 5s σ-bonding and Pb 6p –I 5p π-bonding orbitals in the bottom of the state. In the lower-energy
region (v) Pb 6s –I 5p σ-bonding orbital is situated [23].
The valence band maximum (VBM) has strong Pb s and I p antibonding character whereas the
conduction band minimum (CBM) is dominated by Pb p state which reflects the unique and dual ionic and
covalent nature of electronic structure of the perovskite. The detailed band diagram is given in Figure 1.10.
The density of state (DOS) and the band structures for orthorhombic (γ -phase), tetragonal (β-phase) and cubic
(α-phase) structures are shown for MAPbI3 perovskites in Figure 1.11. The DOS shows that the electronic
states associated with the MA cation are located far from the band gap, therefore it does not contribute to the
band gap electronically [24]. The optical absorption OILH perovskites is believed to be typical of direct band
gap semiconductors. In the undistorted ideal structure, the axial orbital overlaps between I-p and Pb- s and
Pb-p orbitals is most favorable and leads to a significant broadening of the s type valance band and
consequently increases the width of the band and narrows the bandgap significantly. As the octahedra begin
to tilt, the axial overlaps weaken, and bandwidth decreases [25].
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Figure 1.10. Bonding diagram for [PbI6]4- cluster representing MAPbI3 perovskite.

The band structures for each phase looks the same for MAPbI3, indicating that the Pb-I-Pb bond angle
distortions do not significantly change the electronic structure [26]. Even though the MA cation does not play
a direct role in electronic structure, it indirectly contributes through steric and Coulombic interactions which
deforms the lattice in -specific ways. For an example the Pb-I-Pb angle decreases from α-FAPbI3 (179.90) to
β-MAPbI3 (163.60) and to γ-CsPbI3 (153.20), then the electronic structure close to the band edge changes due
to octahedral tilting and the bandgap increases from 1.48 eV in α-FAPbI3 to 1.67 eV in γ-CsPbI3[25].
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Figure 1.11. (a) Electronic band structure with (left) and without (middle) the MA cation and contributions of MA,
Pb and I on the DOS (right) of low temperature orthorhombic phase (adapted with permission from [24]; Band
structure and energy gap for (b) cubic (c) tetragonal and (d) orthorhombic phases (adapted with permission from [26]
) of MAPbI3 perovskite.
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1.4.3. High optical absorption of OILH perovskites
The optical absorption of a semiconductor is primarily determined by two factors; the
transition matrix elements between valence and conduction band states, which measures the
probability of each photoelectric transition and their joint density of states (JDOS), which
measures the total number of possible photoelectric transitions [27]. Therefore, the optical
absorption coefficient of a material depends on its electronic structure. The comparison of
mechanisms of optical absorption for 1st, 2nd generation solar cell absorbers with perovskite halide
absorbers are schematically depicted in Figure 1.12. The 1st generation Si is an indirect bandgap
semiconductor making its transition probability between band edges (from Si p orbital to Si p and
s orbitals), about two orders of magnitude lower than that of direct bandgap, thus requiring its
absorber layer to be two orders of magnitude thicker and increasing the material cost.

Figure 1.12. The schematic optical absorption mechanisms of (a) 1 st generation (Si), (b)2nd generation (GaAs)
and (c) perovskite halide (MAPbI3) photo absorbers (adapted with permission from [28]). Egi and Egd represent
indirect and direct bandgaps respectively.
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Both 2nd generation photo absorber, GaAs and current generation MAPbI3 perovskite have direct
bandgaps and thus their optical absorption is high in comparison to Si. However, their electronic structures
are very different; the halide perovskite exhibit inverted electronic band structure (Figure 1.12 (b) and (c)). In
GaAs, CBM dictates from dispersive s band (delocalized s orbitals) whereas in MAPbI3 it is from degenerated
Pb p bands (less dispersive p orbitals of Pb), thus in the latter the DOS is significantly higher and consequently
leading to higher JDOS as shown in Figure 1.13(a, b). Furthermore, the intra-atomic transitions between VB
to CB is higher in MAPbI3 due to Pb s to Pb p transitions and results stronger absorption coefficient than that
of GaAs. The comparison for calculated absorption coefficient of GaAs to that of MAPbI3 is give in Figure
1.13 (c) and it can be seen that for perovskite, it is up to an order of magnitude higher within the visible light
range, which is accounts for the major usable portion of the solar spectrum (~1.8 eV– 3.1 eV), and hence
relatively lower thickness is needed to obtain high efficiency for MAPbI3 compared to current high efficiency
thin film photo absorbers as shown in Figure 1.13(d) [26, 28].
Another remarkable feature of OILH perovskite is the ability to tune the bandgap over a wide range
of the solar spectrum which leads to considerable improvement in device performance. Compositional
engineering of MAPbI3 perovskite can be achieved by exchanging organic, metal or halide ions (Figure 1.14)
[29]. Partial replacement of MA by FA to obtain MAxFA1-x PbI3 was an effective way to extend the absorption
to longer wavelengths and enhance the thermal stability. Introducing mixed halides (I and Br) has also led to
bad gap tuning to cover almost the entire visible spectrum (1.5-2.3 eV) and by adopting mixed cation and
mixed anion like in (FAPbI3)1-x(MAPbI3) x absorber, over 19% high efficiencies have been reported with a
high degree of reproducibility [30, 31, 32, 33]. Likewise, Pb was also replaced by divalent metal cations and
system MAPb1-xSnx I3 has achieved ~14 % solar cell efficiency [34].
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Figure 1.13. (a) Electronic density of states (DOS), (b) Joint density of states (JDOS) (c) optical absorption
coefficient for MAPbI3 and GaAs and (d) Calculated maximum efficiencies of MAPbI 3, CIS, CZTS and GaAs
as a function of film thickness. (Adapted with permission from [26]). CIS and CZTS represent copper-indiumgallium-selenide and copper-zinc-tin-selenide solar cell absorbers respectively.

Moreover, this ability to tune the bandgap makes them valuable in tandem devices (Figure 1.14 (bc)) with Si or CIGS cells and cell efficiencies of 19.5 % and 21% have been reported for four-terminalperovskite/CIGS and two-terminal-perovskite/Si devices respectively [35, 36]. Most recently it has been
reported that a tandem with ytterbium-doped perovskite on ~14 cm Si solar cells was able to convert the blue
light that falls on the perovskite layer to near-infrared (near-IR) photons, which the Si cell below then turns
into electricity [37]. The researchers also predict that this design could boost Si efficiency by nearly 20%.

17

Figure 1.14. Schematics of (a) Bandgap tuning by compositional engineering of elements in OILH perovskites
(adapted with permission from [29], (b) four-terminal and (c) two-terminal tandem designs for perovskite
solar cells.

1.4.4 Superior ambipolar carrier conductivity of OILH perovskites
The OILH perovskites exhibit high charge carrier mobilities with small effective masses
for both electrons and holes, which makes them the best candidates for solar cells [38]. The
effective mass (m∗ ) is an important parameter pertaining to carrier transport of a semiconductor
and near the band edge it is approximately fitted by,
−1

∂2 ε(k)
m =ℏ [
]
∂𝑘 2
∗

𝟐

1.3

where 𝛆(𝐤) are the energy dispersion relation functions, which are described by band structures [28].
Thereby, the more dispersive the band near the band edge is the lighter the effective mass is. In conventional
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thin film photo absorbers, like GaAs, VBM is dominated by anion p orbital and CBM is contributed mostly
by cation and anion s orbitals (p-s semiconductors) (see Figure 1.12).
In Figure 1.12, the lowest conduction band (LCB) is more dispersive than highest valence band
(HVB) and therefore has a much smaller electron effective mass than that of holes, hence solar cells on those
materials rely on the formation of p-n junctions. In contrast, as mentioned earlier the electronic structure of
MAPbI3 is inverted compared to conventional p-s semiconductors. Its CBM is dominated by Pb p orbital and
has a much higher energy level than anion p orbitals, as in p-s semiconductor and therefore the LCB is more
dispersive in MAPbI3 than the HVB in p-s semiconductors. In addition, the strong s-p coupling enhances the
dispersion of HVB of MAPbI3 and thereby results in a small effective mass for holes. A comparison of
theoretically calculated electron and hole effective masse for different PV generations and α-MAPbI3 is given
in Table 1.1. This unique feature of small effective masses for both electrons and holes, makes OILH
perovskites ideal for thin film p-i-n (p-type, intrinsic, n-type semiconductors) solar cells.

Table 1.1. Calculated effective masses for electrons (m*e) and holes (m*h). (SOC-Spin orbit coupling)

m*e

m*h

α-MAPbI3 (SOC) 0.18,0.23[39] 0.21,0.29[39]
Si

0.26

0.29

GaAs

0.07

0.34

In thin film absorbers shallow defect levels close to band edges are responsible for p or n type doping.
However deep level defects can trap carriers and become Shockley-Read-Hall non radiative recombination
centers in the absorber, which are mainly responsible for short minority carrier lifetime. In halide perovskites
shallow defects are dominant due to high formation energies for deep transition level defects [26] and are
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closely related to the dual-nature electronic structure. For an example, the strong s-p coupling makes VBM in
halide perovskites energetically higher than I 5p (Figure 1.10) indicating lower defect levels or shallow defect
states. Hence the charge carrier recombination is much lower for MAPbI3 like absorbers [28]. Moreover, it
has been shown that, depending on the solution processing or deposition techniques used, in OILH
perovskites thin films, carrier mobilities and diffusion lengths can be optimized and thereby promotes its
ambipolar carrier transportation [29, 38, 40].
Furthermore, in comparison to conventional organic PV in which low dielectric constants contributes
to poor charge transport, OILH perovskites yield superior charge transport due to high dielectric constants. In
any photo absorber, absorption of photons lifts electrons out of the VB into the CB, generating free carriers
and small number of excitons can also be formed. Excitons are fundamental quasi-particles that consist of
bound electron -hole pair due to coulomb attraction and the excitons levels form within the bandgap. The
exciton binding energy (Eb) and the Bohr radius (rB) are given by,

𝐄𝐛 = 𝟏𝟑. 𝟔

𝛍
(𝐞𝐕)
𝛆𝟐

1.4

𝛆
(Å)
𝛍

1.5

𝐫𝐁 = 𝟎. 𝟓𝟐𝟗

where, ε and μ are the dielectric constant and exciton pair mass respectively. Eb compared with the thermal
energy (~kT) determines if the photo-created carriers will dissociate or will need to be separated by an
additional junction in a PV device. Excitons are generally described as two types, Frenkel and Wannier.
Typically, the excitons in organic molecules are the Frenkel type, with stronger binding energies (0.3-1.0 eV)
which consequently leads to a smaller Bohr radius due to low dielectric constants of the organic molecule
[41]. Conversely the exciton binding energy of OILH perovskites is low (~ 37meV MAPbI3) due to organic20

inorganic behavior of the material resulting in high dielectric constants, so the nature of the excitons in halide
perovskites are more Wannier-like, in which e-h pairs are loosely bounded and easily become free carriers
[42, 43].

1.4.5. Ferroelectric effect
Compare to conventional inorganic photo absorbers, OILH perovskites have non-centrosymmetric
organic cations (e.g. the MA ion in MAPbI3) which gives rise to a unique property of ferroelectric domains
within the material which aid e-h separation and transportation [44]. Ferroelectric materials exhibit
spontaneous polarization even in the absence of an electric field and the local field increases in proportion to
the polarization. Thus, these materials must possess permanent dipoles. In the case of MAPbI3, MA ion has a
permanent dipole which shows ferroelectric behavior. In a conventional semiconductor solar cell, the electric
field only exists in the space charge region of the p-n junction (See Figure 1.5) and this region is responsible
for separation of the charge carriers. In contrast, in a ferroelectric thin film electrical polarization results in
internal electric fields throughout the bulk region that are not completely canceled out by screening charges.
Hence, PV effects are not limited to an interfacial region (Figure 1.15(a)) and fields can be generated without
forming complex structures [45].
Theoretical calculations for bulk polarization of MAPbI3 was reported by Frost et al. [46] and the
calculated magnitude was 38 μC cm-2, which is comparable to the value of ferroelectric oxide perovskites
such as KNbO3 (30 μC cm-2). They also proposed that the boundaries of ferroelectric domains may form
“ferroelectric highways” which facilitates the carrier transportation as shown in Figure 1.15(b) for halide
perovskite based solar cells. Due to a fixed direction of polarization within each domain, e and h can
effectively separate along the direction of electric field before they can recombine, and these ferroelectric
boundaries are peak and troughs of electrostatic potential where e and h can select energetically favorable
“highways” avoiding and “collisions” with the opposite charge carriers [46]. Also, direct observation of
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ferroelectric domains in tetragonal MAPbI3 was reported [47] and can be regarded as another unique property
of OILH perovskite absorbers.

Figure 1.15. Schematic diagrams for (a) bulk PV effect in a ferroelectric thin film and (b) a multidomain
ferroelectric thin-film as hypothesized for hybrid halide perovskite solar cells. The diffusion highways for electrons
and holes are shown by blue and red lines with arrows respectively (adapted with permission from [46]).

1.4.6. Inexpensive fabrication
Conventional Si solar cells require an expensive, multi-step manufacturing processes, conducted at
high temperatures (> 10000C) in a high vacuum in special clean room facilities. In contrast, OILH perovskites,
can be manufactured using a simple wet chemistry technique in a traditional lab environment at low cost and
requiring less energy. The simplest and economical solution-based fabrication method can be divided into
one step and two step methods depending on the number of deposition steps used. In one-step method of
preparing MAPbI3 thin films, a solution containing PbI2 (inorganic component) and MAI (organic
component) is spin-coated on a substrate followed by annealing (~1000C) to form perovskite whereas in the
two-step method, a solution of inorganic component is spin-coated on a substrate first and subsequent spincoating (or immersing) of a solution containing the organic component is followed by annealing (Figure 1.16
(a), (b)). Even though these methods are cost effective and straight forward to implement, each method has
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some drawbacks. For one step method, poor film quality and choice of a solvent that can simultaneously
dissolve both components are major concerns. For the two step method the major issue is less control over
the film thickness. However, power conversion efficiencies (PCE) of over 17% has been achieved using
solution-based fabrication methods [48, 49, 50]. The doctor blade method (Figure 1.16 (c)) which has the
advantage of using ~90% less material than spin coating, was also used to fabricate perovskite thin films and
was able to achieve PCE~15% [51].

Figure 1.16. Representative fabrication methods for perovskite thin films: (a) One-step spin coating method (b)
Two-step spin coating method(c) Doctor blade method (d) Dual source vapor deposition method (e)Sequential
vapor deposition method and (f) Vapor-assisted solution method((a), (b), (d), (e)and(f) are adapted with
permission from [54].

Vacuum deposition methods, such as dual source vapor deposition and sequential vapor deposition
are (Figure 1.16 (d), (e)) also used to deposit thin films of halide perovskites, which provide the advantage of
producing pin-hole free uniform films and eliminate the problem of one step co-depositions. Nevertheless,
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vacuum processing requires a high-vacuum environment and involves high energy consumption [52]. The

vapor-assisted solution method integrates the advantages of the solution method and the evaporation
method (Figure 1.16 (f)). At a lower vacuum, the perovskite materials with fewer internal defects can
be synthesized [53, 54].

1.4.7. Device architecture and working principle of OILH perovskite solar cells
OILH perovskite was first used in DSSC, which has a mesoscopic structure, replacing the light
harvesting dye and later the liquid electrolyte was replaced with a solid-state hole conductor [55]. This later
improvement attracted much interest in the PV community and given rise to development of device structures
as given in Figure 1.17 (a)-(d) [56]. In each device structure perovskite layer is sandwiched between the
electron (ETM) and hole (HTM) transporting materials. The variation of device structure is depending on the
position of the ETM and HTM. Normal device structure is so called n-i-p structure and p-i-n structure is called
the inverted device structure. The mesoscopic layer is used to enhance the charge collection by decreasing the
carrier transport distance, preventing direct current leakage between the selective contacts and increasing the
photon absorption by light scattering. The pore filling fraction and morphology of the perovskite layer is
critically dependent upon the thickness of the mesoporous layer and for n-i-p mesoscopic structure thickness
< 300 nm is recommended [57]. The n-i-p planar device, without a mesoporous layer is formed by carefully
controlling the formation of perovskite layer and the interfaces at carrier transport layers and electrodes and
was able to achieve PCE ~19.3 % to date [58].
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Figure 1.17. Schematic diagrams of perovskite solar cells in the (a) n-i-p mesoscopic, (b) n-i-p planar, (c) p-i-n
planar, (d) p-i-n mesoscopic structures and (e) Schematic of band diagram and working principle of PSC: 1 Photon
absorption and free charge generation, 2 charge transport and 3 charge extraction by electrodes. ((a), (b), (c) and
(d) are adapted with permission from [56].

However, the state-of-the-art n-i-p devices uses a thin mesoporous buffer layer filled and capped with
the perovskite as planar device exhibit more severe J-V hysteresis, (current-voltage hysteresis is observed by
varying the direction and the rate of voltage sweep.) which undermines the reporting accuracy of PCE [59].
For the p-i-n structure, in which HTM layer is deposited on the transparent electrode, PCEs of 18.9 % and
17.3 % were reported for planar and mesoscopic devices respectively [60, 61].
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A schematic of the band diagram and the transport process of e and h in a perovskite solar cell (PSC)
is given in Figure 1.17 (e). Upon exposure to sunlight, the perovskite layer absorbs photons and produces
excitons which create free carriers immediately. These free e and h drift and diffuse through the absorber and
transport layers (ETM (donor) and HTM (acceptor)) and are finally collected by anode and cathode
respectively. The charge selective layers and contacts influence the charge transport and extraction properties
[62] and Figure 1.18 shows energy levels for some notable components used in most common types of
perovskite solar cells.

Figure 1.18. Schematic diagram showing the energy levels, from left to right, for representative cathode, ETM,
absorber, HTM and anode material (copyright [56])].
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1.4.8. Issues and challenges in OILH perovskites
OILH perovskite solar cells have shown remarkable progress in PV technology owing to the above
highlighted properties. However, there are some critical factors that affect the development of OILH solar
cells. From the commercialization perspective, stability, toxicity issues and challenges in the scaling of solar
cell fabrication for large scale deployment are the major concerns.
OILH perovskites are greatly affected by external environmental factors such as humidity,
temperature and ultraviolet radiation [63, 46] and proper protecting coatings and encapsulation techniques
such as glass sealing have improved the device stability to over 3000 hours at 600C under simulated sunlight
[64]. Nevertheless, long-term stability that is comparable to 30 years’ standard of commercial PV panels has
yet to be demonstrated. It has been determined that in order to enhance the stability of OILH perovskites,
several factors need to be considered including crystal structure design, ETM, HTM and electrode material
preparation, composition of the perovskite absorber, interfacial engineering, fabrication methods and
encapsulating methods [65, 66, 67].
For successful commercialization, fabrication of large-area perovskite films with high quality and
incorporated it in PV modules is essential. Thus far, most of the best reported efficiencies > 20% were reported
for miniature devices with are < 1 cm2. However, reports on an area of 10.1 cm2 with efficiency 10.3% and
36.13 cm2 with an efficiency 12.1 % have been published [68, 69] and the researchers in the former
publication were able to fabricate 100 cm2 area showing that the possibility of overcoming this scalability
issue. Further development of large area perovskite solar cells should also focus on reducing series resistance
and conductivity issues with electrodes and finding suitable alternatives to replace gold and silver which could
prove to be uneconomical for large scale deployment.
Since the Pb employed in this technology is highly toxic, acceptance of this technology has become
debatable. Exposure to even very low levels of Pb has been associated with significant health problems
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affecting almost every organ and system in the body [70]. Recent studies based on life cycle analysis (LCA),
and environmental impact analysis (EIA) for perovskite solar cells have revealed that only a small fraction of
Pb contributes to overall environmental impact during the manufacturing process [71, 72]. The potential Pb
pollution from 1GW plant is insignificant compare to other Pb emission sources such as fossil fuels, mining
industries, battery and other electronic technologies [73]. Moreover, recent reports have shown the possibility
of fabricating perovskite solar cells using recycled Pb from car batteries, which opens new ways to reduce Pb
contamination associated with other technologies by reusing in perovskite PV technology [74]. However, it
would be very valuable to find a low toxic or non-toxic constituents to replace Pb for the future of this PV
technology. In this regard, many efforts have been made up to date and will be discussed in the forthcoming
section.

1.4.9. Progress on lead-free perovskites
Many research groups are working on finding solutions to reduce or eliminate Pb from most
promising OIMH perovskite absorbers. Monovalent substitution of Pb with cations with stable 2+ oxidation
state is a one approach that has been considered. The suitable candidates can be found among elements in
group-14, alkaline-earth metals, transition metals, lanthanides and p-block of the periodic table. However, the
selection rules include, the ability to form perovskite structure with bandgaps suitable for photovoltaic
applications, being less toxic than Pb and not being radioactive. This excludes some of the elements. Out of
the most promising candidates, Sn2+ [75, 76, 77], Mg2+ [76, 82, 84], Ca2+ [77, 84, 112], Ba2+[154, 155, 156],
Sr2+[76, 77, 112], Co2+, Fe2+, Ni2+, Zn2+[75, 76], Cu2+ [76, 78], Mn2+[76,79] have been studied as replacements
in perovskites solar cells. Sn-based solar cells have been most investigated so far and show highest PCE ~6%
for ASnI3 with A = MA and FA [80, 81, 82, 83]. For Mg-halide perovskites, theoretical calculations predicted
that to be stable despite the smaller ionic radii than Pb and the possibility of bandgap tunability within 0.9-1.7
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eV, but the sensitivity towards humidity become an issue [84,85]. Ca halide perovskites have been reported
as stable but due to high band gaps they are not suitable for PV applications, but it was predicted to be suitable
for charge selective contacts [86, 177]. Nontoxic and relatively inexpensive Sr has been reported to form high
band gap halide perovskites which exhibit poor stability due to its hygroscopic nature [126]. Reports on Ba
replacement for Pb at low concentrations which led to improved PV performance has also been reported [154,
155, 156]. Partially substitution of Pb with Fe has introduced trap states which diminishes PV performance
and Co, Ni and Zn are reported to be not disrupting the PV performance at low level of Pb replacement [76].
Partial replacement of Pb in mixed halide (I, Cl) perovskites with Mn at very low level has been reported to
result high open circuit voltage of 1.19 V with fill factor 87.9% [79]. Cu halide perovskites are reported to
form low dimensional structure and reported efficiency was low as 0.63% even though it exhibits ambient
stability and high absorption coefficient in the visible region [78].
Substitution of Pb with heterovalent cations is another approach taken towards forming less or nontoxic perovskites suitable for PV applications. However, charge neutrality cannot be obtained with these ions
in the ABX3 structure and they can switch the majority charge carrier from n to p type or vice versa.
Heterovalent ions like Al3+ [87], Bi3+ [75, 88, 89], Au3+, In3+, Ti4+ [75,89] have been studied in the perovskite
structure so far. Al partial substitution for Pb has resulted in enhancement of the thin film quality with reduced
density of crystal defects and PCE ~19% was reported for p-i-n solar cells. Aliovalent substitution of Bi3+,
In3+ and Ti4+ has reported to decrease the PV performance by disturbing the fundamental mechanisms of the
charge generation and transport [75] and however, controlled incorporation of tri valent ions has led to
enhance the electrical conductivity while preserving the 3D perovskite structure [89]. Furthermore, Pb
substitution of monovalent ions like Cu+, Na+ and Ag+ which have comparatively similar ionic radii to Pb2+
has been studied and enhanced PV performance which was attributed to formation of uniform film and
enhancement in bulk transport, has been reported [90].
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All above efforts were performed to reduce toxicity of Pb while preserving the 3D OILH perovskite
structure. However, efforts have also been made to form lead free 3D double perovskite structure (also called
elpasolites) and other low dimensional structures (0D, 1D and 2D). The 3D double perovskite structure has a
general formula 𝐀 𝟐 𝐁 ′ 𝐁 " 𝐗 𝟔 with B site substituted for a pair of 𝐁 ′ and 𝐁 " cations with mono and trivalency.
Cs2Sn4+I6 adopts this structure and has been explored as HTM in DSSCs [91]. Theoretical predictions for
double perovskites with A= Cs, 𝐁 ′ = Au, Cu, 𝐁 " =Bi and X= Cl, Br have been proposed but working solar
cells based on this structure have not been reported [92]. The size, shape and functionality of organic cations
alter the 3D inorganic network of ABX3 to form extended 2D layers, 1D chains and 0D isolated octahedra.
These compositional and structural changes affect the optical and electronic properties as well. Recently,
experimental works on 2D Pb free perovskite photo absorbers such as Cs3Bi2I9, MA3Bi2I9 and Rb3Sb2I9 were
reported but with low PCEs as 1.09%, 0.26% and 0.66% respectively [93, 94, 95]. An effort to make thin
films of 0-D MA3Bi2I9 and incorporate them in a solar cell to get ~0.1% PCE has also been reported [96].
Even though their PCEs are very small at this stage, above work illustrate the potential of accessible Pb-free
perovskite systems in solar driven optoelectronics.
The aforementioned research works have provided a foundation to further research on possible Pbfree perovskite absorber materials and to integrate them into tailored device structures which give rise to
significant enhancement in solar cell efficiencies for the near future.

1.5. Thesis aim and scope
Organic inorganic lead halide perovskite (OILHP) is emerging as a most promising photovoltaic
technology owing to its high-power conversion efficiency (PCE), easy processability and low fabrication cost.
3D methyl ammonium lead halide (CH3NH3PbI3 or MAPbI3) is the most extensively investigated perovskite
material in the family of OILHP. Hence it can be introduced as a standard and a model perovskite compound
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used in solar cells. However, toxicity of lead is a major concern for its further development. Therefore, further
exploring nontoxic metals to replace lead in the MAPbI3 system is essential. It is also interesting to see how
the substituted ions affect the material and device properties.
In this research, different nontoxic metal cations with iso and mono valences were introduced to
partially substitute the lead cation in MAPbI3 perovskite and their effects on structural, optical, electronic and
dielectric properties were investigated.
Chapter 2 of this thesis presents the research work on Mn2+ and Na+ incorporated MAPbI3 thin films
for solar cells. In this work, thin films of MAPb1-xMxI3 (M= Mn and Na, x= 1, 5 and 10) are formed and
structural and optical absorption properties are investigated. Further, a procedure to obtain high efficient solar
cells with the configuration FTO/c-TiO2/mp-TiO2/Perovskite/P3HT/Au is optimized.
In Chapter 3, the research work on Ba2+ doped MAPbI3 polycrystals is presented. The work primarily
focuses on synthesis and investigation of structural, calorimetric, ionic conductivity and dielectric properties
of MAPb1-xBaxI3 polycrystals (x= 1%,5% and 10%).
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CHAPTER 2
Mn2+ AND Na+ ION INCORPORATED CH3NH3PbI3 THIN FILMS FOR SOLAR CELLS.

2.1. Introduction
Compositional engineering of the crystal structure in OIMH perovskites is a one way of achieving
highly stable and efficient perovskite solar cells (PSC). Currently, the highest efficient PSCs are achieved by
optimization of APbX3 structure with mixed A cation and mixed X halides (PCE= 22.1 % for
(FAPbI3)0.95(MA0.15PbBr3)0.05) [7, 97]. For the purpose of reducing Pb, several efforts have been made to
partially replace Pb with other suitable cations as mentioned in the previous chapter. But this technique
remains a relatively a less explored path for using less toxic mono or divalent cations in partial replacement
of Pb in MAPbI3 perovskites. For this research work, the divalent and monovalent ions of interest are Mn2+
and Na+.
Manganese (Mn) is a transition metal with low toxicity and known to be one of the most abundant
metals in the earth’s crust [98]. Partially replacing Pb with Mn in MAPbI3 and its effects on photovoltaic
devices [76, 99, 100, 101] as well as possibilities of incorporating its magnetic properties in magneto-optical
data storage devices [102] have been explored by a few research groups. Klug et al showed, that at low levels
(~1.5% of Pb replacement) Mn incorporation leads to modest improvement of PCE due to an increase in open
circuit voltage for p-i-n devices and the observed result was ascribed to dopants causing energy level shifting
to more favorable energetic alignment with HTM as observed in Co2+ incorporation systems [76]. Mn doping
into mixed halide MAPbxMn1-x I1+2xCl2-2x (for x=0.1-1) has been studied and for x=0.9, a high open circuit
voltage of 1.19 V was reported, which was ascribed to the pin hole free morphology of the Mn doped
perovskite film [100]. Zheng et al showed that, 3% partial substitution of Pb by Mn could improve PCE by
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6% and found high reproducibility in the device performance for n-i-p device with spiro-OMeTAD as HTM
[99]. The extension of PV into magnetism was reported by Nafradi et al, for 10% Mn doped MAPbI3 system,
which showed a unique combination of ferromagnetism (Tc= 25K) and high efficiency of photoelectron
generation. They observed a decrease in Eg and strong photocurrent response for photons with wavelength <
830 nm and a change in magnetism of the Mn doped sample [102]. An experimental and theoretical study of
structural and electronic properties of Mn doped MAPbI3 thin films has been reported by Bartesaghi et al who
showed enhancement of charge carrier lifetime for ~3% Mn doping, which positively affects PV device
performance [101]. Moreover, Pb was partially replaced by Mn in nanocrystal and Nano platelets of the
CsPbX3 systems and resulted in an intense sensitized Mn luminescence and thermal stability benefiting high
performance perovskite LEDs (light emitting diodes) [103, 104, 105].
Sodium (Na), is an alkali metal with low toxicity and is known to be the sixth most abundant in the
earth’s crust [106]. Also, alkali metals are good additives to be consider owing to their stability against
oxidation and reduction [107]. Effects of incorporation of Na+ ions to partially replace Pb in MAPbI3 for PV
applications have been studied by several research groups. Using NaI salt as the Na+ source, an enhancement
of photocurrent density (~23 vs 21 mA cm-2 for pristine) has been shown for n-i-p device with spiroOMeTAD as HTM and it has been attributed to the enhancement of bulk charge transport upon Na doping
[108]. Similar enhancement of device current density and enhancement of fill factor (from pristine 0.74 to
doped 0.79) have been also reported for partial substitution Pb with 0.25 mol % of NaI in solar cells with p-in structure, and the results were attributed to dopant effect in increasing crystallinity and crystal size of the
perovskite absorber [109]. Reduced trap states enhanced luminescent intensity and lengthened lifetime in Na+
doped MAPbI3 thin films solar cells have also been reported [110]. Unlike divalent dopants, Na+ can generate
holes in the valence band in the perovskite due to its monovalency compared to Pb2+ and enhancement of
hole concentration can be attributed upon doping perovskite with Na+. However, a significant decrease in hole
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mobility with an order of magnitude enhancement of hole concentration has been reported for NaI based
MAPbI3 system when increasing dopant concentrations from 0.11 -0.22 M [111] and the reduction of
mobility was attributed to dopant served as scattering centers for carriers.
As mentioned above, various investigations have been performed to study Mn2+ and Na+ additives
effects on material and PV device performance of MAPbI3 perovskite. Each investigation is unique, especially
due to the differences in thin film preparation methods, dopant concentrations, deposition method, etc.), the
solar cell device structure and its components used (ETM, HTM, etc.) and characterization techniques used
to study the properties of the material and PV devices. Hence, it still remains interesting to further investigate
Mn2+ and Na+ ions doping effects on the MAPbI3 perovskite material at different dopant concentrations, in
different device architectures.
In this research work, thin films of MAPb1-xMxI3 (M= Mn and Na, x= 1,5 and 10) were formed using
metal acetates and morphological, structural and optical absorption properties of the modified perovskite
materials were investigated using RBS spectroscopy, UV-Vis spectroscopy and XRD spectroscopy
respectively. Furthermore, a procedure to fabricate high efficiency solar cells with n-i-p device structure with
mp-TiO2/ c-TiO2/ perovskite/ P3HT/ Au configuration was optimized.

2.2. Methodology
2.2.1. Materials
Methyl ammonium iodide (CH3NH3I, 98%) was purchased from Dyesol and used as
received. Lead acetate trihydrate (Pb (CH3CO2)2.3H2O) (≥99%, CAS 6080-56-4) was purchased
from Alfa Aesar. Manganese (II) acetate tetra hydrate (Mn (CH3CO2)2.4H2O) (≥99%, CAS 615678-1), anhydrous sodium acetate(NaCH3CO2) (≥99%, CAS 127-09-3), anhydrous N, NDimethylformamide (DMF) (CAS 68-12-2), titanium(IV) isopropoxide (TTIP) (97%, CAS 546-
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68-9), hydrochloric acid (HCl) (37 wt.% (aq.), 99.999%, CAS 7647-01-0) and FTO (fluorine
doped tin oxide) -coated glass (7 Ω/square) were purchased from Sigma-Aldrich. Anhydrous silver
acetate (AgCH3CO2) (ACS grade) was purchased from Fisher Scientific. Ti-nanoxide HT paste
was purchased from Solaronix.

2.2.2. Perovskite precursor solution preparation
To prepare the pristine perovskite precursor solution, CH3NH3I and Pb-acetate were
dissolved in anhydrous DMF at a molar ratio of 3:1 to form 1M solution of golden yellow color.
For the alien cation incorporated precursor solutions, the molar ratio of CH3NH3I, Pb-Acetate and
Metal-Acetates was chosen to be 3:1-x:x (x=0.01,0.05 and 0.1). The solutions were sonicated at
700C for about an hour and filtered with PTFE (0.2 μm) syringe filter prior to the deposition.

2.2.3. Substrate preparation
For the optical and structural studies of the perovskites, thin films were deposited on glass
slides. The solar cells were fabricated on FTO-coated glass in which the FTO layer under the anode
side contact was etched out using Zn powder and 2M HCl initially. All the substrates were then
cleaned with 15 minutes’ sequential sonication in detergent, DI water, acetone and ethanol.
Oxygen plasma treatment was performed on the substrates for 10 minutes and the thin layers were
deposited on substrates within 15 minutes of the plasma treatment.

2.2.4. TiO2 Anode preparation
On the pre-cleaned FTO substrate, a hole blocking layer of compact TiO 2 (c-TiO2) was
deposited by spin coating a mildly acidic solution of titanium isopropoxide in ethanol at 3000rpm
for 30 s. After that, the substrate was annealed in a closed oven at 5000C for 45minutes. To prepare
the above-mentioned solution, 1ml of TTIP, 0.15 ml of HCl and 14.5 ml of absolute ethanol (95%)
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[112] were stirred overnight at room temperature. The obtained milky solution was filtered using
PTFE syringe filter of pore size 0.2μm prior to use. Next, the mesoporous TiO2 (mp-TiO2) layer
was deposited on compact layer at 3000 rpm for 30 s from diluted (150 mg/ml) Ti-nanoxide HT
paste (Solatronix) in ethanol following an annealing at 4750C for 30 minutes in a closed oven.

Figure 2.1. Semitransparent TiO2 anode with compact and mesoporous layers on FTO substrate.

2.2.5. Perovskite thin films deposition and Solar cell fabrication
For the optical and structural studies of the thin films, perovskite solution was deposited
on pre-cleaned glass slides at 2000 rpm for 40 s and annealed at 1000C on a hotplate for 5 minutes
inside a nitrogen filled glove box. Before the deposition the glass slides were heated on a hotplate
at 1000C for a minute.
For the solar cells, perovskite solution was deposited on FTO/c-TiO2/mp-TiO2 anode at
2000 rpm for 40 s. Prior to the deposition the perovskite solution and the anode were heated on a
hotplate at ~700C for a few minutes. After spin-coating, the films were transferred on to a hotplate
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to anneal at 1000C for 5 minutes. Then a hole transporting layer of P3HT (Poly(3-hexylthiophene2,5-diyl) was deposited from a 10 mg/ml solution in chlorobenzene at 2000 rpm for 30s and the
films were annealed at 700C for 5 minutes on a hotplate to remove the solvent effect. The solution
was filtered using PTFE syringe filter of pore size 0.45μm prior to use. The above procedure was
performed inside a nitrogen filled glove box. Finally, 30 nm gold (Au) electrodes were deposited
using the Cressington Sputter coater under vacuum of ~0.045 Torr, at a rate of 0.1 nm/s, to
complete the device.

2.3. Instruments and procedure utilized for sample characterization
2.3.1. Ultraviolet-visible (UV-Vis) spectroscopy
The wavelength dependence of absorbance of the perovskite films deposited on the glass
slides were measured using a Lambda-35 UV-Vis double beam spectrophotometer with spectral
band width of 1nm (fixed sit) for a wavelength range from 200-1100 nm at room temperature. In
a double beam UV-Vis spectrometer (Figure 2.1), first a beam of light from the source lamp
(halogen lamp for visible and deuterium lamp for UV radiation) is separated into its component at
the diffraction grating (monochromator) to produce a spectrum. Each monochromatic (single
wavelength) beam in turn is then split into two equal intensity beams by a beam splitter, and one
beam passes through the sample (perovskite film on a glass slide) whereas the other passes through
the reference (glass slide). The intensities of these light beams are then measured by electronic
detectors (photodiodes) and compared. If the intensity of the reference beam is I0 and that of sample
beam is I, the absorbance (A) can be given by [113],
I0
𝐴 = log10 ( )
I
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Eq. 2.1

The absorbance values can be recorded as a function of wavelength. At least three samples from
each group were tested to reduce the sample variance and the average of similar spectra were
presented.

Figure 2.2. A schematic of the double beam UV-Vis spectrometer.

2.3.2. Rutherford backscattering spectrometry (RBS)
Rutherford backscattering spectrometry (RBS) has been widely used for near-surface
analysis of solids, identification of elemental compositions and depth profiling of individual atoms.
This technique is based on the scattering of particles in a central force field. The fundamentals of
ion scattering in solids can be explained by classical mechanics, i.e. elastic scattering of a particle
by another particle (Figure 2.3). The ratio of energy E1 of particles backscattered from an atom is
related to the incident energy E0 via the principles of conservation of energy and momentum by
the following equation,
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(M22

E1
=K=[
E0

−

2

1
M12 sin2 θ)2

+ M1 cos θ)
]
M1 + M2

Eq.2.2

Where M1, M2 , θ and K are mass of incident particle, mass of target particle, scattering angle and
kinematic factor respectively[114, 115].

φ

θ

Figure 2.3. A schematic of a classical collision and scattering of particle by an incident particle. For the scattering
of light incident particle like He from heavy target atoms like Pb, φ dependence (recoiling) can be neglected.

The kinematic factor determines the elastic energy transfer from a projectile to a target
atom and thus identifies the target atom. The ion scattering technique involving elastic and inelastic
scattering can be divided into three categories: low-energy, medium-energy and high-energy ion
scattering; RBS falls into the high-energy ion scattering category. The elastic scattering of a
particle with charge Z1e and mass M1 from a nucleus with charge Z2e and mass M2 by the Coulomb
interaction is known as Rutherford scattering and the Rutherford cross section (σ) is given by,
1

2

Z1 Z2 e2 4[(M22 − M12 sin2 θ)2 + M2 cos θ]2
σ(E0 , θ) = [
] .
1
4E0
M2 sin4 θ (M22 − M12 sin2 θ)2
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Eq.2.3

Where Z1 and Z2 are the atomic numbers of incident and target atoms respectively [114, 115]. The
cross section characterizes the probability of collisions between incident ion and target atom and
contributes to the signal amplitude of the RBS spectrum. For heavier elements like Pb, σ (=
9821.60 mb/sr for 2.0 MeV He++ at 𝜃= 1500) is high and for the light elements in the target like C
and N, σ (=46.13 mb/sr and 62.78 mb/sr respectively) is low. Thus, RBS is more sensitive for
detecting heavy elements rather light elements [116]. Since the σ is inversely proportional to the
square of the initial energy E0, for the scattering below the surface due to the energy loss within
the sample, the cross section is higher for a respective target atom.
Due to the electronic interactions with the target atoms, incident ions can lose energy when
the energetic ions penetrate into solid material. If ∆E is the energy difference observed for ions
scattered from the surface and from depth x, the parameter, stopping cross section (S) can be
defined as

S(E) =

∆E
Nx

∆E = KE0 − E1

Eq.2.4

Eq.2.5

Where N is the areal density (atoms/cm2) within of the target material within distance x and KE0
and E1 are exit energies of the scattered ions from surface and depth x respectively. The stopping
cross sections have been established for many materials as a function of energy, so the film
thickness of a material can be determined. Figure 2.4 shows a schematic of backscattering event
from a thick elemental sample and a resulting RBS spectrum. The energy of backscattered ions
depends on the target atoms and the backscattering yield is related to the number scattering events
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of target atoms in the material. The film thickness can be determined using the width of the peaks
in RBS spectrum.

Backscattering yield

X
E0

Φ1
E

Φ2
KE0

KE
θ

E1
KE0
∆E

E1
Backscattering ion energy

Target material

Figure 2.4. Schematic of backscattering event from a thick elemental sample and a resulting spectrum. E0 and E are
incident ion energies for front edge and for back edge at depth X within the material, K is the kinematic factor, E1is
the exit ion energy after scattered from depth X, ∆E is the energy difference observed for ions scattered from the
surface from depth X, Φ1 and Φ2 are incident and scattered angle from front surface respectively and θ is the
backscattering angle.

Depending on the placement of the detector with respect to the target and incident beam
directions, two different geometries are defined for RBS: IBM and Cornell as shown in figure 2.5.
IBM geometry uses a simple setup with all incident beam, exit beam and surface normal are in the
same plane with,
α + β + θ = 1800

Eq. 2.6

Where α, β, θ are incident, exit and scattering angles respectively. The Cornell geometry is a 3dimensional scattering geometry in which incident beam, exit beam and rotational axis of the
sample are in same plane with,
cos β = − cos α cos θ
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Eq. 2.7

θ

α
β

Cornell

IBM

Figure 2.5: Geometries use in RBS: left: IBM and right: Cornell. α, β, θ are incident, exit and scattering angles
respectively. Pink color box shows the plane of incident and exit beams and blue color rectangle represents the
target material.

and it has the advantage of a large scattering angle, which optimizes mass resolution and grazing
incident and exit angles which optimizes depth resolution. In this study, RBS measurements on
metal ion doped MAPbI3 films on glass substrate were carried out in the IBM geometry using the
6.0 MV tandem Van de Graff accelerator in the Department of Physics at Western Michigan
University [117]. The backscattering spectra for a 2.0 MeV He++ ion beam was collected at a
scattering angle of 1500 using a silicon surface barrier detector placed at an exit angle of 300. The
data were simulated and analyzed using the SIMNRA [118, 119] program and the thickness of
each sample was estimated in atoms/cm2. The areal density atoms/cm2 is the characteristic of RBS
measurement, however, if the density of the material is known, this can be readily converted into
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the depth scale. The densities for thin films under investigation were calculated using XRD data
and used to find the thickness of the films.

2.3.3. X-Ray diffraction spectroscopy (XRD)
X-ray diffraction is based on constructive interference of monochromatic x-rays and a crystalline
sample. X-rays are generated in a cathode ray tube by heating a filament to produce electrons which are
accelerated towards a target using an applied voltage. Characteristic x-rays are produced when the electrons
have sufficient energy to dislodge inner shell electrons in the target material (e.g. Cu, Fe, Co, Mo). The spectra
consist of several components like Kα and Kβ, the most common. Kα further consists of Kα1 and Kα2, where
Kα1 with a slightly shorter wavelength and twice the intensity as Kα2. The wavelengths are characteristic of the
target material. These x-rays are filtered to produce monochromatic radiation, collimated and directed onto
sample. The incident x-rays photons are elastically scattered by atoms in the sample and scattered
monochromatic x-rays that are in phase produces constructive interference which satisfy Bragg’s law [120]
given by,
nλ = 2d sin θ

Eq.2.8

where, n is the integer called the order of reflection, λ is the wavelength of the x-rays, d is the characteristic
spacing between the crystal planes of the sample specimen and θ is the angle between the incident beam and
the reflecting lattice plane (Figure 2.2). These diffracted x-rays are then detected by the detector. By scanning
the sample through a range of 2θ angles all possible diffractions occurred due to randomly oriented crystallites
of the samples, can be detected. The detector records the number of x-rays observed at each angle 2θ and
processes this x-ray signal to a count/count rate which is then output as an intensity plot of counts against the
2θ angles.
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Figure 2.6. A schematic of Bragg’s reflection from a crystal.

Many diffractometers use the Bragg-Brentano geometry with the incident angle (ω) between the
incident beam and the sample and the diffracted angle (2θ) is between the incident beam and the diffracted
beam. To keep the x-ray beam properly focused, ω changes in conjunction with 2θ and this can be
accomplished by rotating the sample or by rotating the x-ray tube. A schematic of the components and the
geometry of the X-ray diffractometer is given in Figure 2.7. The Soller slits are used to improve the peak
shape and resolution in 2θ type scans, especially at low scattering angles, by limiting the axial divergence of
the incident and diffracted x-ray beams. Divergence slits match the diffraction geometry and the sample size,
assuring beam does not exceed the sample size at any angle. The mask in the incident beam path adjust the
beam width on the sample. Anti-scatter slit on the diffracted beam path reduces the background signal from
air scattering assuring only the reflected beam reaches the detector.
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Figure 2.7. A schematic of the components and the geometry of the X-ray diffractometer.

Figure 2.8. Labeled diagram of the PANalytical Empyrean X-ray Diffraction System used in this research work.
The x-rays from Cu target were used with β-Ni filter. The values for Soller slits, divergence slit, anti-scatter slit,
and incident beam masks were 0.04 rad, 1/320, 20 and 10 mm respectively.
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Filters (β-filter) are usually used in the diffracted beam path to reduce the influence of
sample florescence. The filter suppresses the Kβ radiation while keeping as much as possible of Kα
radiation from the tube. For an example Ni filter used with Cu radiation absorbs >99% of Kβ but
also lowers the Kα by ~50% [121]. 2θ X-ray diffraction scans on the perovskite thin films deposited
on glass slides were obtained using PANalytical Empyrean X-ray Diffraction System (Figure 2.8)
with Cu Kα1 (1.54060 Å). The applied voltage and current were 45kV and 40mA respectively. The
samples were tested at 294K under vacuum (~5.2x10-2 Torr) using the TTK-600 low temperature
chamber (sample stage with Z-axis feature and which allows a vacuum). The geometry was such
that ω = θ and both the detector and the X-ray tube were moved in a circle around the sample,
which was fixed in position. Scanned 2θ range was 100 to 500 with the step size and the time per
step were 0.0080 and 11s respectively. The collected data was analyzed using High Score Plus
software.

2.3.4. Solar cell characterization
The most fundamental way to characterize the perovskite solar cell (PSC) performance is
measuring current-voltage (I-V) measurements, in which the illuminated cell is put under a reverse
bias voltage and the generated photocurrent is recorded. In general, current density (J) is used
instead of current when characterizing solar cells because the area of the cell will have an effect
on the magnitude of the output current. The characteristic J-V curves for a solar cell under dark
and illumination are given in Figure 2.9. The J-V properties of heterojunction PSC can be analyzed
using diode models [122, 123, 124].
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Figure 2.9. A schematic of J-V curves of solar cell under dark and illumination conditions. The blue
curve represents the ideal solar cell. The blue arrows represent how R sh and Rs affect the J-V curve.
The terms Jsc, Voc, MPP, VMPP, JMPP, Rsh and Rs represent short circuit current density, open circuit
voltage, maximum power point, voltage at MPP, current density at MPP, shunt resistance and series
resistance respectively.

Figure 2.10. An equivalent circuit model for solar cells with a single diode under illumination.
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In the most common single diode model, the electrical behavior of an ideal device can be
modeled using the Shockley diode equation [125],
qV

Eq.2.9

JD = J0 {e nkT − 1}

where, JD is the dark current, V is the applied voltage J0 is the reverse saturation current density at
dark and is directly related to the recombination rate, indicating the thermal emission rate of
electrons from VB to CB in photo absorber, q is the elementary charge, n is the ideal factor of a
heterojunction, k is the Boltzmann constant and T is the absolute temperature. Under the ideal
condition of sunlight, photocurrent can be added into the Eq.2.9:
qV

JD = J𝑝ℎ + J0 {e nkT − 1}

Eq.2.10

where Jph is the photocurrent. However, no device is ideal in reality and hence, Eq.2.10 should be
further modified to account for potential losses that may arise from internal resistance and leakage
current in solar cells. Figure 2.6 presents the equivalent circuit diagram for solar cell, from which
the JV curve (under illumination) of heterojunction PSC can be further described by
qV

JD = Jph + J0 {e nkT − 1} −

V + JR s
R sh

Eq.2.11

Where J, R s and R sh are the output current, series and shunt resistances respectively [126]. R s
accounts for the resistances arise from energetic barriers at interfaces and bulk resistances within
layers. To prevent efficiency losses due to increased charge carrier recombination, this must be
minimized, and it can be achieved by ensuring good energy alignment of the material used in the
PSC. R sh accounts for the existence of alternate pathways through the PSC and unlike R s , it must
be high as possible to prevent leakage current through these alternate paths.
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The values for R sh and R s can be found by the reciprocal of the gradient of the J-V curve
at Jsc and Voc (parameters which will be explained next) respectively. The short circuit current
density (Jsc), is the photo generated current density of the cell when there is no applied bias and
only the built-in electric field within the cell is used to drive charge carriers to the electrodes. This
parameter is dependent on the absorption characteristics of the photoactive layer, charge
generation, transport and extraction efficiency. The open circuit voltage (Voc), is the voltage at
which the applied electric field cancels out the built-in electric field so that no driving force for
the charge carries resulting in zero photocurrent density. This matric is affected by energy levels
of the photoactive materials, work function of the electrode materials and charge carrier
recombination rate. Another important parameter which can be defined using the J-V curve is the
fill factor (FF), which is defined as the ratio of the actual power of the PSC to the power if there
were an infinite R sh and no R s (ideal case) and is given by,

FF =

JMPP VMPP
Jsc Voc

Eq.2.12

Where JMPP and VMPP are the current density and bias voltage at maximum power point (MPP) for
the PSC. FF is also defined as the area ratio of A and B which describe how square the J-V curve
is (see Figure 2.9) and ideally it is as close as to 1. If R sh decreases the part closes to the Jsc on
the J-V curve will drop and if 𝑅𝑠 increases, the part closes to Voc will tilt to the left as given in
Figure 2.9 and affect the FF. The most important parameter, power conversion efficiency (PCE),
is given by,
PCE =

Pmax
Pirraiated

=

JMPP VMPP
Jsc Voc FF
=
−2
0.1 ( cm ) 0.1 (W cm−2 ) ∗ cell area
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Eq.2.13

which is the ratio of maximum power output (Pmax ) of the PSC to the total input power (Pirraiated ).
The current – voltage (I-V) data were measured using Keithley 2400 Source Meter under simulated
sunlight at 1000 w/m-2 irradiance generated by Air Mass 1.5 simulator connected to Xenon Lamp
power supply (Model XPS400, Solar Light Co.). The I-V curves were obtained by Green Mount
IV-Stat 3.1 Software. The cells were tested inside a homemade vacuum chamber to avoid any
humidity effect on layers of the solar cells. The devices were masked with an opaque mask to
define an active area of 0.52 cm2 and to avoid over illumination.

Figure 2.11. Laboratory I-V measurement setup with the homemade vacuum chamber used to test PSCs.
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2.4. Results and discussion
2.4.1. Perovskite films preparation and morphology
Mn2+and Na+ cations incorporated CH3NH3PbI3 thin films were successfully prepared from
single step deposition from perovskite precursor solutions. In order to prepare the perovskite
precursors, the molar ratio of MAI: Metal acetate was selected to be 3:1 based on previous reports
where it was found that large excess of organic component results much larger crystalline domains
and smoother films than those with 1:1 ratio [127]. It is also found that the anion in the Pb source
determines the kinetics of perovskite crystal growth and hence affects the film morphology and
device performance. Lead Iodide (PbI2) is known to be the common Pb source for the MAPbI3
precursors. But it was found that the acetates form more volatile byproducts during the perovskite
formation process than iodides which in turn results in much smoother films with no or fewer
pinholes, and reduced annealing temperature and time [128]. So, within 5 minutes of annealing at
1000C a shiny dark brown film was obtained from acetates as metal (Pb and other cations) sources.
The spinning speed and time were optimized to get a streaks free smooth perovskite films on glass
plates. It was also found that the glass slides need to be pre heated prior to the deposition of
perovskite solution to get optimum coverage of the film (see methods for optimized values).

Figure 2.12. A perovskite film on glass substrate obtained in this experiment using single step deposition process.
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The thickness of the thin films was estimated using RBS spectrometry. RBS spectra obtained for
metal ion doped MAPbI3 films on glass substrate were fitted using the atomic concentrations of the unit cell
for all the elements in each composition. For an example, for pristine MAPbI3 film, the tetragonal unit cell
consists of 48 atoms with 4 atoms each of Pb, C and N, 12 atoms of I and 24 atoms of H. The corresponding
atomic concentrations were then found to be 8% for Pb, C and N, 25 % for I and 50% for H. Since for the
heavy Pb and I atoms, the backscattering yield were high, therefore during the fit, concentrations
corresponding to Pb and I atoms were approximated to be fixed to have a more realistic solution. If the mass
of the probing particle is heavier than target particle, forward scattering occurs. Therefore, H atoms could not
be quantified by RBS. The composition for the glass substrate for all the samples were fixed with atomic
concentrations of 24% for Si, 62% for O, 10% for Na and 4% for Ca.

Figure 2.13. The experimental and simulated RBS spectra and fitted curves obtained using SIMNRA for all
elements present in the sample consisting of pristine film and glass substrate. The grey color area on the main
peak represents the energy dispersion due to the roughness of the film.
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Figure 2.13 shows the experimental and simulated RBS spectra and fitted curves obtained for all
elements present in the sample consisting of pristine film and glass substrate. The peak appears within the
energy range from ~350 keV - ~500 keV is mainly composed of backscattering for Pb and I atoms. The step
like feature in the low energy region (~200 keV) corresponds to the backscattering yield from the elements in
the glass substrate. The extra contribution of energy spread (grey color area) in the main peak is due to the
roughness of the perovskite film [129].
For all other compositions only the experimental and simulated (with best fit) curves are presented
for clarity. The energy spread due to roughness of the perovskite layer was found to be decreasing with
increasing dopants amounts compared to pristine film (Figure 2.14). This implies that the dopants increase
the smoothness of the films. Lowering of surface roughness for 1% NaI incorporated MAPbI3 film was
previously reported in the literature using atomic force microscopy (AFM), which is in agreement with this
present finding [110]. It is known that smoother MAPbI3 thin films can effectively contribute to better contacts
with its capping layer which is beneficial for the performances of solar cells [130]. Increase of roughness can
slightly enlarge the interface area with HTL, which can increase the number of trap states at the interface
causing reduction of Jsc giving poor device performance [131]. Using the areal density values obtained from
the RBS spectra and the density values derived from unit cell parameters obtained through XRD analysis of
thin films, thickness of the thin films was found to be in the range of 0.48 μm- 0.36μm. The uncertainty of the
thickness measurement can be related to the roughness of the films. Furthermore, it was found that the RBS
technique is a powerful method to identify the morphology, elemental concentration and qualitative measure
of the roughness of thin films on substrates.
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Figure 2.14. The experimental and simulated (fitted) RBS spectra for Mn2+ and Na+ doped MAPbI3 thin films on
glass substrate. The energy spread at the left side of the main peak indicates the roughness of the films.
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2.4.2. Structural properties of perovskite films
The structural properties of perovskite thin films with and without dopants was investigated
by x-ray diffraction (XRD). The ideal powder diffraction patterns for the samples at room
temperature (294 K) were first simulated using Rietveld modeling with High Score Plus software.
The simulation for the pristine sample was obtained using the available theoretical structural data
[132] (space group symmetry, unit cell dimensions, and relative coordinates of atoms in unit cell,
atomic site occupancies, and atomic thermal displacement parameters) and for Mn2+ and Na+ ions
doped samples, the simulations were obtained by varying Pb site occupancies in the pristine sample
accordingly (for an example for Mn2+ 1% sample, Pb site occupancy was changed to 99% Pb and
1% Mn). These simulations were used to indexing the XRD peaks (hkl) (Figure 2.15) and to predict
the changes in peak intensities when a dopant is introduced to the sample. However, change in
interatomic distances due to dopants cannot be predicted by the Rietveld modeling (which requires
empirical calibration or advanced ab-initio simulation).

Figure 2.15. Simulated powder XRD pattern for pristine sample with labeled peaks for t tetragonal I4/mcm space
group at room temperature (Cu Kα1 (1.54060 Å).
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The experimental X-ray diffraction patterns show no new peaks with the addition of dopants, hence
the room temperature tetragonal structure (I4/mcm space group) is preserved without additional phases and
the experimental data contain the major peaks listed in the simulation. The simulations assumed the ideal
powder XRD (PXRD) in which crystallites are randomly oriented, whereas the actual samples were thin films
which are textured (i.e. they have a preferred crystalline orientation) and thus they may show more
pronounced peaks for one lattice plane, and all the other have substantially lowered or even absent peak
intensities. The most intense peak for the samples which is located at ~140 was found to be consists of (002)
and (110) peaks and they were not fully resolved as in PXRD simulated pattern. This may be mainly due to
instrument resolution which does not allow these close two reflections to be resolved.

Figure 2.16. XRD patterns obtained for Mn2+ incorporated MAPbI3 thin films at 294 K.
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Figure 2.17. XRD patterns obtained for Na+ incorporated MAPbI3 thin films at 294 K.

Figures 2.16 and 2.17 show the indexed XRD patterns obtained for Mn2+ and Na+ doped MAPbI3
thin films respectively. Depending on the relative strength of the diffraction from different lattice
planes, which depends on scattering intensity of the components of the crystal structure and their
arrangement in the lattice, each peak has an intensity (Ihkl) which differs from other peaks in the
pattern. In general, the structure factor (Fhkl) quantifies the intensity of the light scattered by a
crystal and is given as,
Ihkl ∝ ∥ Fhkl ∥2
m

Eq.2.14
Eq.2.15

Fhkl = ∑ Nj fj exp[2πi (hxj + kyj + lzj )]
j=1
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Where xj, yj , zj are the fractional coordinates which represent the atomic positions in the
atomic planes with Miller indices h,k and l in the lattice, Nj is the fraction of every equivalent
position that is occupied by atom j and fj is the scattering factor (also known as atomic form factor)
which quantifies the relative efficiency of scattering at any angle by the group of electrons in each
atom.
The scattering factor is given by,
−Bsin2 θ
fj = f0 exp [
]
λ2

Eq.2.16

where, f0 is the scattering amplitude at zero Bragg angle (θ) which equals to number of electrons
(Z= the atomic number) and B is the Debye-Waller temperature factor (= 8π2 U 2 , U2 is the mean
square amplitude of the vibration) which accounts for thermal vibrations of atoms.
The simulation results show the decrease in peak intensities (heights) with the increase in
dopants of the samples. This variation in intensity can be ascribed to difference between scattering
factor (f) between Pb2+ (80 electrons) and dopant ion (Mn2+ (23 electrons) or Na+ (10 electrons)).
Figure 2.18 shows the enlarged (110) peak from the simulation and it can be seen that for Na+
incorporated samples the intensities are less than that of Mn2+ incorporated samples. The intensity
of the experimental XRD profiles are not clear like the ideal patterns. This may be due to
differences in film thicknesses and due to the fact that the grains in the thin film tend to be
preferentially oriented. These two things affect the XRD intensity for each plane in each film. The
single step deposition method used in this experiment was earlier found to nucleate from an
ordered intermediate phase and the crystallite orientation of the perovskite thin films has been
found to be highly dependent on annealing temperature [133]. Also, the thickness of the films is
mainly dependent on the concentration of the precursor solution and the spin rate. The presence of
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different dopants in precursor solutions can have effect on the viscosity of the solution with the
same concentration. Even though the experimental conditions for thin film growth process were
kept constant, in practical, small variations in the conditions might have led to variation in
thicknesses and the orientation of lattice planes which made it difficult to see the intensity drop as
in simulated pattern with increasing dopant amounts.

Figure 2.18. Comparison plot of peak intensity variation for (110) peaks in the simulated PXRD patterns
+
obtained for Mn 2+ and Na incorporated MAPbI3 at 294 K.
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However, the peak shift with increasing dopant amounts in the samples are clearly visible
with the experimental data. According to Bragg’s equation (Eq.2.8), the diffraction peak position
(diffraction angle) is a function of the average atomic distances (dhkl) between reflection planes
(hkl) when wavelength is fixed. Thus, anything that changes the average bond distances such as
temperature, substitutional doping and stress, will change dhkl and therefore change the diffraction
peak position [134].

2+

Figure 2.19. XRD peak shift for (110) peaks (left) and (224) peaks (right) for Mn incorporated MAPbI3
thin films on glass at 294 K. The shoulder peak of (224) is ascribed to the (400) peak. At 10% concentration,
the peak intensity was low, and the peak becomes broader and the shoulder peak was hard to identify. The
(224) peaks have low intensity compared to (110) peaks and here the normalized intensities were presented
to clearly show the peak shift.
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In the case of doping, a difference in ionic radii will produce a change in the average inter
atomic distances. For both Mn2+ and Na+ incorporated thin films, the experimental peaks were
shifted towards high 2θ values (Figure 2.19 and 2.20). This can be ascribed to relatively smaller
size of dopant ions, Mn2+ (0.86Å) and Na+ (1.02Å), than that of Pb2+ (1.19Å) under the
experimental conditions used.

+

Figure 2.20. XRD peak shift for (110) peaks (left) and (224) peaks (right) for Na incorporated MAPbI3 thin
films on glass at 294 K. The shoulder peak of (224) is ascribed to the (400) peak. The (224) peaks have low
intensity compared to (110) peaks and here the normalized intensities were presented to clearly see the peak
shift.
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On the other hand, dhkl can be correlated to the unit cell dimensions. For the tetragonal unit
cell the relationship between dhkl and the unit cell dimension a and c is given by,

1
d2

hkl

=

(h2 + k 2 ) l2
+ 2
a2
c

Eq.2.17

Figure 2.21 shows the room temperature tetragonal unit cell for MAPbI3 which consists of 4 units
of MAPbI3 [135]. Using the above relation, unit cell parameters “a” and “c” were calculated
considering (110) and (224) peaks for all the samples and the values are given in Table 2.1.

Figure 2.21. A schematic of room temperature tetragonal unit cell of MAPbI 3 perovskite. [Adapted with
permission from [135]]
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Table 2.1. Variation of unit cell parameters with dopant %. The average of 3 sets of data were used and the average
deviation from the each data set from the net average values were presented as the uncertainities.

Mn2+

Dopant %

Na+

a (Å)

c (Å)

a (Å)

c (Å)

0

8.8861 ± 0.0001

12.5721 ± 0.0001

8.9367 ± 0.0025

12.6002 ± 0.0022

1

8.8781 ± 0.0031

12.5650 ± 0.0008

8.9249 ± 0.0010

12.5971 ± 0.0034

5

8.8714 ± 0.0032

12.5563 ± 0.0007

8.9243 ± 0.0014

12.5904 ± 0.0100

10

8.8691 ± 0.0047

12.5160 ± 0.0115

8.9138 ± 0.0014

12.5890 ± 0.0124

From the above data, it is evident that the lattice parameters shrink with increasing dopants
amounts for smaller ionic radii than that of Pb2+. As Vegard’s law states, the lattice parameters
should vary linearly with the dopant concentrations [136]. However, the linear fit for the
experimental data shows R2 values in the range of ~0.85- ~0.96 (R2=1 for the best linear fit) (Figure
2.22). This may be due to the approximation of peak position made on the not resolved (110) and
(224) peaks. It is also observed that for Mn samples, the peaks broaden with increasing dopant
amounts (Figure 2.19). For the Na samples this is not significant (Figure 2.19). The peak
broadening can be caused by non-uniform strain and defects. Peak broadening due to micro strain
(Bs (2θ)) is given by,

Bs (2θ) = 4ε
ε=

sin θ
cos θ

Δd
%
d
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Eq.2.18

Eq.2.19

(a)

(b)

(d)

(c)

Figure 2.22. Variation of unit cell parameters a,c with increasing dopant % for Mn2+ (a,b) and Na+ (c,d)
incorporated MAPbI3 perovskite thin films. R2 values for the linear fit lines are also presented.
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Where, θ is the Bragg angle, d is the lattice spacing, Δd is the upper limit of deviation from d, and
ε is the strain.
Since the size of the Mn2+ ions are smaller, it may be possible to introduce interstitial
defects upon increasing Mn2+ ions in the sample and thereby introducing non-uniform lattice
distortions resulting in peak broadening. Compared to Mn2+, Na+ ions are bigger and have closer
ionic radii to host Pb2+hence the interstitial defects with increasing Na+ amounts may not be a
dominant effect within the used dopant concentrations. These distortions in the lattice can also
reduce the XRD peak intensities by affecting the constructive interference of lattice planes. The
peak broadening also depends on the size of the crystallites/grains (B(2θ)) in the thin film and is
given by Scherrer equation,

B(2θ) =

Kλ
L cos θ

Eq. 2.20

where, K is the Scherer constant which defines the contribution due to crystallite shapes (E.g. For
spherical crystallites K= 0.89 if B(2θ)) defined as FWHM), L is the crystallite/grain size, λ is the
wavelength and θ is the Bragg angle [137]. According to above equation small crystallites/grain
results in peak broadening.
If the peak broadening presence in the Mn samples are due to only crystallite size effect,
then it can be assumed that Mn2+ incorporation results in smaller crystallite formation by inhibiting
the crystallite formation. This may be due to migration of Mn2+ ions to grain boundaries and
neutralizing the free energy, stabilizing the boundary. Yang et al reported that decrease in grain
size for NaI incorporated MAPbI3 thin films at higher concentration of dopant levels (>10%) [111].
So, it can be assumed that at higher concentration the peak broadening could be visible for Na+
incorporated thin films. Thus, within the 1, 5 and 10% doping levels Na+ ions may not have much
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effect on the crystallite / grain sizes compare to pristine sample. The poor resolution of peaks in
the experimental xrd profiles made it difficult to accurately find the peak breadth or full width at
half maxima thus the estimation of strain vs. crystallite sizes were unable to be performed.

2.4.3. Optical properties of perovskite films
The UV-Vis absorption data was plotted against the wavelength (λ) for each metal-mixed
composition (Figure 2.23 for Mn and Figure 2.24 for Na). To compare the effect of dopants, absorption per
unit thickness is presented. For the pristine MAPbI3 film, broad absorption band (black curves in both figures
2.23 and 2.24) which covers the entire visible spectral range (~450 nm-750 nm) exists with a band edge at
around 780 nm which is in good agreement with the literature [138]. The optical absorption mechanisms in
solid state materials are caused by transition processes between occupied and unoccupied bands in the band
structure of the material. According to the previous findings the absorption peak near 760 nm is mainly
attributed to a direct band gap transition from VBM (Pb 6s-I 5p σ-antibonding which is more extended within
the PbI3 framework) to CBM (Pb p state) [139, 140, 141]. The higher energy absorption peak around 480 nm
is ascribed to the optical transitions from non-bonding states of Ip (mainly localized at the I atoms) to the Pb
p orbitals [142]. For Mn incorporated thin films the absorption drops with increasing dopant amounts (Figure
2.23). A similar drop in absorption was reported in the literature for 3% MnI2 doped MAPbI3 films [99]. But
for Mn 1% sample the absorption for wavelengths ~ 480 nm shows an enhancement of the absorption
compared to other compositions. As shown in Figure 2.24, with 1% of Na added the absorption enhancement
for the visible range can be observed. A similar trend was reported for 1% NaI doped films in the literature
[108, 109]. They ascribed this increase in absorption intensity to the increase in crystallinity of the pristine
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Figure 2.23. UV –Vis absorption per unit thickness for Mn2+ incorporated MAPbI3 thin films on glass substrate.

+

Figure 2.24. UV –Vis absorption per unit thickness for Na incorporated MAPbI3 thin films on glass substrate.

67

material with Na+ doping. As the amounts increase further, the absorption reduces in comparison
to the pristine film. The electronic configurations for Pb, Mn, and Na atoms are Pb [Xe] 6s2 4f14
5d10 6p2, Mn [Ar] 3d5 4s2 and Na [Ne] 3s1 respectively. For Mn and Na, the outer orbitals are s
type which are dispersive and Pb p orbitals are less dispersive. Hence compared to p orbitals s has
less DOS. So, when dopants are introduced the reduction of DOS may be the reason for observed
drop in absorption.
However, for both Mn and Na doped thin film compositions the absorption intensities are
strong with the same order of magnitude of absorption as in the pristine films. So, without altering
the remarkable absorption property of the pristine material, these nontoxic metal ions can be used
to replace Pb in pristine material at 1, 5 and 10% dopant concentrations. Furthermore, to see if the
presence of dopants has any influence on the band gap position of the pristine material, band gap
values were evaluated using the measured spectra. For direct allowed transitions, the relation
between α and the incident photon energy ℎ𝜈 is given by the Tauc relation,
αhν = β(hν − Eg)0.5

Eq.2.21

where β is a constant and Eg is the band gap energy which can be estimated by the plot of (αhν)2
vs hν. The Tauc plots for both Mn (Figure 2.25) and Na (Figure 2.26) doped thin films show a
slight blue shift at the absorption edge. From these plots optical band gap of all synthesized films
was estimated and the results are given in Table 2.2. In the literature, for MAPbI3 thin films the
band gap energy is reported to be in the range of 1.55-1.60 eV [90, 143, 144, 166]. Hence it can
be concluded that the variation in the band gap energy (~2-4%) upon dopants is negligible.
However, lattice distortion can affect metal –halide orbital overlap and cause changes in band gaps
[145]. As mentioned earlier, CBM is derived from p orbitals with poor orbital overlap (more
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nonbonding character) whereas the VBM is derived from metal s and iodine p orbitals (antibonding
character).

Figure 2.25. Tauc plot for Mn2+ incorporated MAPbI3 thin films on glass substrate. The dotted lines
show the extrapolation to the linear part of the absorption edge.

+

Figure 2.26. Tauc plot for Na incorporated MAPbI3 thin films on glass substrate. The dotted lines
show the extrapolation to the linear part of the absorption edge.
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Table 2.2. Variation of bandgap energy of MAPbI3 with dopant %.

Dopant %

Eg (eV)
For Mn2+

For Na+

0

1.5580 ± 0.0005 1.5597 ± 0.0004

1

1.5918 ± 0.0001 1.5763 ± 0.0003

5

1.5957 ± 0.0002 1.5765 ± 0.0004

10

1.5896 ± 0.0002 1.5873 ± 0.0002

Hence the CB is expected to respond less strongly to lattice distortions than the VB. Thus,
the structural change to perovskite structure may cause shift in VBM and thereby affect the energy
gap. From the observed trend of band gap energies, it looks like the lattice contraction (as observed
in XRD analysis) has reduced the metal-halide overlap and increased the band gap by small
amount. As seen in the Mn samples, the increasing trend slightly deviates at 10% dopant
concentration. This may be due to formation of Mn-clusters at high concentrations with high band
gaps which cause no further effect on changes to band gap [101].

2.4.4. Solar cell fabrication and characterization
Solar cells with n-i-p mesoscopic structure with the configuration FTO/c-TiO2/mpTiO2/Perovskite/P3HT/Au, were fabricated in the laboratory using the metal doped perovskite
systems (Figure 2.27).
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Figure 2.27. (a) A schematic of solar cell device and (b) Some of solar cells prepared in this research.

The mesostructured solar cell with porous TiO2 layer was the choice for this study because
it was reported that the variation of TiO2 layer morphology provides high surface area with the
perovskite absorber and enhanced electron mobilities via a well-connected nanostructured path
[59, 146]. In addition, the compact TiO2 layer acts as a blocking layer to avoid the short circuit
problems in the cell by preventing the holes created in the perovskite layer from reaching the FTO
electrode and obstructing the flow of electrons from FTO to HTM or holes from HTM to FTO,
avoiding heavy recombination. The P3HT was reported to be a cost effective and stable HTM
material for perovskite solar cells which also acts as a protective layer from humidity due to its
hydrophobic nature [147]. Hence laboratory available P3HT was used as the HTM for the solar
cells in this study. Figure 2.28 shows the contribution from each layer to overall UV-Vis optical
absorption for the solar cell. In particular, the perovskite layer strongly absorbs from 350 nm to
800 nm, verifying it is responsible for the majority of light harvesting while P3HT layer contributes
absorption of the solar cell in 400 – 650 nm region and TiO2 contributes absorption near 300 nm.
This additional light absorption from ETM and HTM apparently increases the generation of photoexcited electrons and improves overall cell efficiency.
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Figure 2.28. The contribution from each layer to UV-Vis absorption spectra of the solar cell consists of pristine
MAPbI3 perovskite.

Many attempts were taken to obtain optimized layer morphologies and thicknesses for the
final design of the solar cell in this study (refer to methods for optimized values). Most importantly,
the TiO2 anode must be semitransparent to assure the maximum amount of light gets to the
perovskite absorber. The perovskite layer most has the correct thickness to get the maximum
number of photo generated carriers while controlling the charge recombination and obtaining full
surface coverage of the TiO2 anode. The P3HT layer thickness should be optimized to assure
perfect coverage of the perovskite layer preventing direct contact between perovskite and electrode
and contributing as small a series resistance as possible across the solar cell. The Au layer should
also be thick enough to have small series resistance to the cell. Using the optimized procedure
discussed in the method section, solar cells were fabricated in the laboratory for this study.
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Figure 2.29. J-V curves obtained for the two solar cells with highest efficiencies in this study. The configuration
of the solar cells was FTO/c-TiO2/mp-TiO2/MAPbI3/P3HT/Au. At least 30 cells were prepared for pristine
perovskite material.

Figure 2.29 shows the J-V curves obtained for two solar cells with the highest achieved
efficiencies for pristine MAPbI3 perovskite. Table 2.3 shows the derived solar cell parameters from
the plots. The best cell efficiency obtained was 16.5 % for the pristine perovskite and this is higher
than the reported efficiency found in the literature for the same device architecture in which they
achieved PCE of 6.7%, but with a c-TiO2 layer obtained via spray pyrolysis [148]. The other
reasons for differences of achieved cell efficiencies compared to the reference can be due to
differences in layer thickness. Our work thus implies that with the optimized procedure used to
obtain solar cells in this study has the potential to yield high efficiency solar cells. However, the
method did not consistently reproduce the high efficiency cells, due to variations in the
manufacturing process.
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Table 2.3. Solar cell parameters recorded for the best two devices obtained for MAPbI 3 perovskite.

Cell

Voc (V)

Jsc (mA/cm2)

1

0.99

28.3

0.58

16.5%

2

1.01

25.6

0.48

12.4%

FF

PCE (%)

However, due to the difficulty in consistently obtaining the high efficiency the effect of
Mn2+ and Na+ dopants on the MAPbI3 perovskite solar cell was unable to be studied and discussed
in details in this thesis. However, this work will be part of future studies.
But from the results obtained for morphology, optical and structural properties of the
MAPbI3 perovskite thin films with Mn2+ and Na+ dopants, some predictions can be made about
the effect of these dopants on solar cell device performance. From the RBS study it was found that
the dopants improve the smoothness of the perovskite layer. As mentioned earlier, smoother films
can contribute to better contact with the HTM layer, reduce trapping states at the interface and
promote charge transfer to achieve high photocurrent. Hence it can be predicted that the dopants
may cause enhancement of photocurrent by decreasing the roughness of the perovskite film. From
XRD studies on thin films, it was found that the Mn2+ doped films may form smaller crystallites
compared to pristine films. Formation of smaller grains may lead to charge loss by recombination
at grain boundaries in the device and thereby decrease the photocurrent [149]. Hence as the Mn2+
amount increases in the perovskite layer; reduction of photocurrent can be predicted. From
absorption data it was found that 1%, 5% and 10% Mn2+ doping and 5% and 10% Na+ doping
result in a decrease in photo absorption while 1% Na+ causes little enhancement of absorption of
the MAPbI3 thin film. Hence it can be predicted that solar cells with MAPbI3 perovskite thin film
with1% Na+ may have enhancement of photocurrent while other compositions mentioned above
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may result in the opposite. On the other hand, due to the monovalancy of Na+ compared to Pb2+,
enhancement of hole concentration can be predicted for the MAPbI3 perovskite with Na+ dopants.
It is worth mentioning that in reality it takes many trials and a long time to perfect the materials
and techniques that make highly efficient solar cells. As mentioned earlier, even though a
procedure was optimized and achieved a few high efficiency solar cells, reproducibility could not
be achieved due to several factors. The main issue was many devices fabricated were shortcircuited. This problem arises when the Au coated cathode makes contacts with the bottom FTO
layer. The use of compact TiO2 layer should have avoided this problem, but it was found that dust
particles can adhere to wet TiO2 layers (which were deposited in the normal lab environment and
annealed in a high temperature ceramic furnace) which were later cause formation of pinholes with
the top perovskite and P3HT layer. These pinholes may form conductive paths upon deposition of
Au on top of P3HT. Removal of dust particles on the annealed TiO2 electrodes could have achieved
using clean room fabrication techniques.
Another issue was that a number of fabricated solar cells that functioned well suffered
from very low efficiencies. Lower efficiency solar cells even with the uniform and dark perovskite
layers were also reported in the literature [150] and they hypothesized that temperatures above
280C in the glove box may induce crystallites within the precursor before the solution is deposited
on the substrate, compatible with the inverse temperature crystallization of perovskites [151],
which impacts the morphology and quality of the perovskite film. During the perovskite layer
deposition in the glovebox it was found that temperature raises to 320C and that may be the cause
achieving low cell efficiencies as suggested by the above-mentioned study. This problem could
have avoided by not making many samples at the same time and by letting sufficient time to cool
the glove box before the next sample is made. Overheating the samples during gold evaporation
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to make gold metal contacts may be the other possibility that could cause low device performances
as suggested by studies in the literature. Their findings suggested that temperatures exceeding 700C
during the metal deposition causes metal ions to easily pass through the HTM layer and accumulate
within the perovskite layer and degrades the performance of devices [150, 152]. It was found that
the solar cells were hot when they were taken out from the Au deposition chamber and the exact
temperature during the deposition process inside the chamber could not be found. The maximum
deposition time that can be achieved by the laboratory available Au sputter is 300s which resulted
30nm thick layer on the device and it was found that for lower sputtering time than that resulted
in a very thin Au layer which was easily removed when making other contacts with the IV testing
apparatus. The temperature effects on sputtering Au could have avoided by step wise layer
deposition by sputtering Au for a few seconds and giving sufficient time to cool down before
sputtering the next layer until the desired thickness is obtained.
So, the above-mentioned issues which occurred during the solar cell preparation resulted
in an underperforming batch of devices even with similar optimized steps. Also, it was found that
the practical experience is highly important to realize highly efficient solar cells reproducibly.
Future work will aim to fabricate solar cells with reproducible efficiencies avoiding errors linked
to bad device performance and compare the effects of Mn2+ and Na+ dopants effects at 1, 5, 10 %
dopant concentrations on MAPbI3 perovskite solar cells.

2.4.5. Conclusions
In conclusion, thin films of MAPb1-xMxI3 (M= Mn and Na, x= 1,5 and 10%) perovskites
were formed from single step spin coating of perovskite precursor solutions containing metal
acetates. From RBS spectra it was found that the roughness of the perovskite layer reduces with
addition of both Mn2+ and Na+ dopants which is beneficial for obtaining better contacts with its
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capping layers and thereby favorable for the performance of solar cells. The room temperature
tetragonal structure of pristine MAPbI3 perovskite was found to be preserved for the metal doped
thin films using XRD spectroscopy. However peak shifts towards high 2θ values were observed
for the metal doped perovskite films implying a lattice size change for smaller dopant cation in the
host MAPbI3 lattice. The lattice parameters were calculated using the XRD data and the lattice
shrinkage upon addition of smaller size dopants was observed. In addition, peak broadening with
increasing Mn2+ dopant amounts were observed in the XRD profiles which indicated smaller grain
size with addition of Mn2+ as was predicted. Peak broadening due to Na+ for the used dopants
levels could not be observed. From the UV-Vis absorption measurements it was found that
nontoxic Mn2+ and Na+ metal ions can be used to replace Pb in pristine material at 1, 5 and 10%
dopant concentrations without altering the remarkable absorption property of the pristine material.
Furthermore, a procedure was optimized to fabricate solar cells with FTO/c-TiO2/mpTiO2/Perovskite/P3HT/Au configuration and we were able to obtain a PCE of 16.7 % with Jsc=
28.3 mA/cm2, Voc= 0.99 V and FF= 0.58 for pristine material. However, due to the difficulty in
consistently obtaining the high efficiency the effect of Mn2+ and Na+ dopants on the MAPbI3
perovskite solar cell could not be studied and discussed in detail in this thesis. Nevertheless, the
possible effects of Mn2+ and Na+ dopants in MAPbI3 based solar cell were anticipated using the
findings from morphology, optical and structural analysis of thin films. In addition, the issues that
causes poor reproducibility of solar cells with consistent efficiencies with the perovskite materials
formed in this study were considered and future work will be aimed at fabricating solar cells with
reproducible efficiencies to compare Mn2+ and Na+ dopants effects in MAPbI3 based solar cell at
1, 5, 10 % dopant concentrations.
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CHAPTER 3
Ba2+ DOPED CH3NH3PbI3 CRYSTALS

3.1. Introduction
As the toxicity of lead (Pb) in the CH3NH3PbI3 (MAPbI3) perovskite has become a major concern
towards its further development, exploring ways to replace lead or reduce lead in the perovskite structure is
essential. The selection of suitable candidate to replace Pb should be done considering Goldschmidt’s
tolerance factor (Eq. 1.1) and the octahedral factor (Eq.1.2) to form stable perovskites [16, 17]. In this regard,
if we replace the selected cations in Pb site of MAPbI3, their tolerance factors and octahedral factors must lie
in the ranges 0.8 < t < 1 and 0.442 < μ < 0.895 respectively to form stable perovskites. The ability to form
divalent cations and closely related ionic radii to Pb suggest alkaline-earth metals to be considered to use in
MAPbI3 to replace Pb. In this regard, the predictions of stable perovskite crystals of MABI3 with B = Ca, Sr
and Ba with similar formation energies to that of MAPbI3, using Density Functional Theory (DFT) has been
reported previously [177]. They have predicted enlarged bandgap and poor optical absorption in visible and
infrared wavelengths with fully replacing Pb with the above ions. However, partial replacement of Pb with Sr
showed a decrease in the bandgap [153]. Few studies where the Pb is partially replaced with nontoxic Ba in
MAPbI3 thin films have been reported in the literature. Ba doping has shown decrease in the photovoltaic
characteristics in MAPbI3 solar cells compare to pristine, but an increase compares to Sr doped cells [154]
whereas low doping level of (1-5%) Ba resulted improved photovoltaic performance in thin film solar cells
[155, 156]. All the above mentioned experimental works are related to Ba doped MAPbI3 thin films and their
effect on photovoltaic properties. In this research, nontoxic Ba doped MAPbI3 polycrystals (MAPb1-xBaxI3
with x= 1%,5% and 10%) were synthesized and their structural, calorimetric, ionic conductivity and dielectric
properties were investigated.
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3.2. Methodology
3.2.1. Materials
Lead acetate trihydrate (Pb (CH3CO2)2.3H2O) (≥99%, CAS 6080-56-4), barium acetate (Ba
(CH3CO2)2) (99%, CAS 543-80-6), methylamine (CH2NH2) (40 wt.% (aq.), CAS 74-89-5) and
hydro iodide acid (HI) (57 wt.% (aq.), CAS 10034-85-2) were purchased from Alfa Aesar and
used as received.

3.2.2. MAPb1-xBaxI3 crystal preparation
Slightly modifying the method described by Poglitsch and Weber [157], polycrystalline
MAPb1-xBaxI3 was synthesized as follows. To prepare the pristine sample (x=0), 0.625 g of Pbacetate was dissolved in 2.5 ml of concentrated aqueous HI in a Pyrex round bottom flask heated
in a silicon oil bath using a magnetic stirrer. To prepare Ba doped samples, the molar ratio of Pbacetate to Ba-acetate was chosen to be 1-x:x (x=0.01,0.05 and 0.1). The obtained solution was pale
yellow in color.

Figure 3.1. Polycrystals of MAPb1-xBaxI3 with x= 0,1, 5 and 10 obtained in this study. (Green color square = 1 x
1 mm2)
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In a separate container, another 0.5ml of HI was mixed with 0.1664 ml of aqueous
methylamine in an ice bath and the mixture was added to the first solution dropwise. Upon cooling
from 1100C to 500C, a black color precipitate was formed, and it was dried overnight at 700C in a
vacuum after filtering. Black color polycrystals were obtained upon slow cooling for 5 days. Pure
Ba sample, where x=1, was also attempted; initially it was a colorless transparent solution which
turned to brown around 800C upon cooling. With this sample no precipitate was formed. All the
samples were placed in the same oil bath during crystallization.

3.3. Instruments and procedure for sample characterization
3.3.1. X-Ray diffraction spectroscopy (XRD)
A detailed discussion of XRD spectroscopy was given in Chapter 2. For the present study,
powdered samples of perovskite crystals were prepared by manually grinding using a mortar and
pestle. 2θ X-ray diffraction scans on the Ba doped perovskite powdered samples deposited on Si
zero background holder were obtained using PANalytical Empyrean X-ray Diffraction System
equipped with Cu Kα1 (1.54060 Å) x-rays. The applied voltage and current were 45kV and 40mA
respectively. Scanned 2θ range was 100 to 500 with the step size and the time per step were 0.0080
and 11s respectively. The samples were tested at 294K under vacuum using the TTK-600 low
temperature chamber. A small amount of Standard Si (NIST) powder was mixed with the
perovskite powders to avoid confusions of the peak.
The data was analyzed using Xpert High Score Plus software. First, the ideal powder
diffraction patterns for the pristine sample at room temperature (294 K) were simulated using
Rietveld modeling with High Score Plus software to index the PXRD peaks as mentioned in
Chapter 2- section 2.3.2. Then, for all the samples PXRD profiles were fitted using the available
default profile fitting function to obtain more precise peak information about position, intensity,
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width and shape of the diffraction peaks in the profile, and Si peaks were aligned together using
reference profile ICDD 00-027-1402 for Si. Then the obtained data were used to calculate unit cell
dimensions which is correlated to interatomic distances using Eq.2.17.

3.3.2. Differential scanning calorimetry (DSC)
Differential Scanning Calorimetry (DSC) is a thermo-analytical technique that is used to
measure heat capacities of condensed phases. It determines the temperature and heat flow
associated with the materials transitions as a function of time and temperature. It also provides
quantitative and qualitative data on endothermic (heat absorption) and exothermic (heat evolution)
processes during physical transitions that are caused by phase changes, melting, oxidation and
other heat related changes.
In the instrument, the sample which is encapsulated in a pan and an empty reference pan
sit on a thermoelectric disk surrounded by a furnace (Figure 3.2). As the temperature of the furnace
is change at a linear rate, heat is transferred to the sample and reference through the thermoelectric
disk. The differential heat flow to the sample and the reference is measured by area thermocouples
using the thermal equivalent of Ohm’s law,

𝑞=

∆𝑇
𝑅

Eq. 3.1

where, q is the sample heat flow, ∆𝑇 is the temperature difference between the sample and the
reference and R is the resistance of the thermoelectric disk [158].
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(a)
(b)
Figure 3.2. (a) The DSC Q100 calorimeter (TA instruments) setup used to collect data and (b) the enlarged
view of thermoelectric disk where sample and reference pans placed, surrounded by a furnace inside the
instrument.

For the Ba doped samples, DSC measurements were performed on a DSC Q100
calorimeter (TA instruments) at a rate of 10 0Cmin-1 over a range of 350C to 1000C under nitrogen
gas flow. Approximately 7mg of crystal samples was mounted on Al pans in each experiment. The
reference sample was an empty Al pan. The profile of heat flow associated with each sample as a
function of temperature was obtained.

3.3.3. Impedance spectroscopy (IS)
AC impedance Analysis is a widely used method to characterize electrical properties of
materials. The most common method is to study the ac response of a test system (electrodematerial-electrode system) is by the direct measurement of the impedance in the frequency domain.
For any system, the impedance is defined as,
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Z=

V0
I0

Eq. 3.2

where, V0 and I0 are root mean square (rms) values of voltage and current respectively. Usually Z
contains both resistive (R) and reactive (L and/or C) components, which need to be determined.
By applying a single frequency (ω) voltage ( V),
V = V0 sin ωt

Eq. 3.3

across the system, the resultant current (I),
I = I0 sin( ωt + φ)

Eq. 3.4

So the phase shift (φ) can be determined. Except for a system which behaves as an ideal
resistor, there will be a φ phase difference between the applied voltage and the resultant current
and it is related to the reactive component of the system. The Z is a vector quantity and can be
defined as a complex number,
Z = Z ′ − jZ ′′

Eq. 3.5

where, j=√-1. Z ′ and Z ′′ represent the real (resistive) and imaginary (reactive) parts of Z
respectively [159]. The representation of impedance data in the complex impedance plane plot, i.e.
Nyquist Diagram, the grains and grain boundaries can be easily identified. Hence bulk electrical
properties can be studied without any interference from grain boundary effects [160]. In the
Nyquist plots Z ′′ is plotted against Z ′ for decreasing frequencies (ω). The materials with capacitive
and resistive components show semicircles in their Nyquist plots. These components are
represented by parallel RC equivalent circuit models which can be assigned to the appropriate
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regions of the test system. As in Maxwell’s model of the layered dielectric [161], the physical
features in the test system can be represented by layers of various thickness as given in Figure 3.3.

Crystal grains

Electrode

Electrical double
layer

Grain boundary

Figure 3.3. Physical representation of Maxwell’s layered dielectric model for electrode/sample system.

A high frequency semicircle in the complex impedance plane reflects the bulk contribution
and an additional low frequency arc is caused by grain boundaries [162]. Figure 3.4 shows two
common RC circuit models and their complex impedance plots [163]. Using these plots, the
parameters R1(charge transfer resistance) and C1 (double layer capacitance) can be determined
and hence values found for the conductivity and capacitance of the basic material. The bulk
resistance (R b )of the sample can be found by the second intercept of the high frequency semicircle with the real axis. Hence, the bulk electrical conductivity (σb ) can be determined by,

σb =

𝑙
RbA

Eq.3.6

where, 𝑙 is the thickness of the sample and A is the area of the electrode. The RC product is usually
independent of the geometry of the region which implies the RC element.
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Figure 3.4. (a) and (d) show two common RC circuits. Parts (b ) and (e ) show their impedance plane plots.Arrows
indicate the direction ofincreasing frequency.(Adapted with the permission from [163]).

The Apex frequency (𝑓𝑝 ) of the Nyquist Semi-circle is given by the relation
2πfp R b Cb = 1

Eq. 3.7

and fp is a fundamental parameter which is independent of the geometry known as the relaxation
frequency of the material [163]. Using this relation, the bulk capacitance (Cb ) can be determined
and the bulk dielectric constant (εb ) of the material can be found by,

Cb = ε0 εb

A
l

Eq. 3.8

where ε0 is the permittivity of free space. For the IS measurements, the samples were prepared by
pressing powdered crystals using a hydraulic pressing system to form thin pellets. The pellets were
annealed at 700C for about an hour to remove the effect of the applied pressure. A cylindrical pellet
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was sandwiched between two copper (Cu) electrodes and the impedance data was collected using
a QuadTech1920 precision LCR meter. The sample was kept inside an oven and dark
measurements of capacitance (C) and complex impedance (Z) were carried out in the frequency
range from 20 Hz to 1MHz with 1V AC signal under 0V DC bias for the temperature range of
250C – 650C. The Nyquist plots were created from the obtained data and the components for RC
parallel equivalent circuit were identified. The above equations were used to calculate the electric
and dielectric properties for the samples.

3.4. Results and discussion
3.4.1. Structural properties of MAPb1-xBaxI3 crystals
Figure 3.5 shows the PXRD profiles for the Ba doped samples and standard Si (NIST)
powder sample. The tetragonal phase (I4/mcm space group) was confirmed by the Reitveld
modeling using the Xpert High Score plus software and hkl values for peaks were identified. No
new peaks arise upon doping indicating that the tetragonal structure of the pristine is preserved. Si
peaks were aligned together (ICDD 00-027-1402) and the peak shift towards low 2θ angles was
observed with increasing Ba%. As given in Figure 3.6 the magnified (110) peak clearly shows the
peak shift towards small 2θ angles. The shoulder peak is ascribed to (002). The most intense peak
(110) was used to calculate the variations in lattice parameters upon doping. The lattice parameters
are expanded with increasing Ba%. This lattice expansion is due to the replacement of Pb2+ with
Ba2+ which has a little larger ionic radius (1.19 Å) than Pb2+(1.35 Å).
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Figure 3.5. PXRD profiles with indexed peaks for Ba2+ doped MAPbI3 crystals with Si peaks aligned together.

Figure 3.6. Peak shift of (110) peak for Ba2+ doped MAPbI3 crystals. The shoulder peak is ascribed to (002).
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Table 3.1. Variation of unit cell parameters a, c with Ba%.

Ba %

a(Å)

c(Å)

0

8.8471 ± 0.0001 12.6218 ± 0.0002

1

8.8702 ± 0.0001 12.6298 ± 0.0002

5

8.8740 ± 0.0001 12.6388 ± 0.0002

10

8.9085 ± 0.0001 12.7138 ± 0.0002

Figure 3.7. The variation of Ba% with the Lattice constants a (left) and c (right). The calculated values are compared
with the linear trend of Vegard's law.

According to the Goldschmidt’s tolerance factor(t), Ba2+ (t = 0.871) is compatible in the
MAPbI3 perovskite structure in place of Pb2+.Hence Pb2+ can be substitute by Ba2+ without forming
new structures [17]. The calculated lattice parameters were used to find the dopants amounts of
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the samples using the Vegard’s law. The Vegard’s law states that the change of the lattice constant
is proportional to the concentration of the dopant for a crystal whose lattice reacts as an elastic
medium [164]. The lattice parameters for pristine MAPbI3 [157] and MABaI3 [165] were obtained
from the literature and were used to find the linear relationship of lattice constant and Ba %. As
shown in the Figure 3.7 and the Table 3.1, the experimental lattice constants are in good agreement
with the trend and hence the dopant amounts were more likely to be the amounts that were in the
mother solution.

3.4.2. Calorimetric properties of MAPb1-xBaxI3 crystals
Figure 3.8 shows the DSC curves for Ba2+ doped MAPbI3 samples with tetragonal to cubic
transition with peaks at nearly 57 0C and nearly 56 0C for heating and cooling curves respectively.

Figure 3.8. DSC profiles for Ba doped MAPbI3 samples. The downward peak represents the endothermic (heating) curve
whereas upward peak is for exothermic (cooling) curve.
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The transition temperature for pristine sample is in good agreement with previously
reported transition temperatures [166] and for the doped samples this is almost the same. That
means the used Ba amounts in the samples have no effect on the phase transition temperature. No
additional peaks in the DSC profile within the used temperature range also implies that there are
no other structural transitions occur. The origin of difference in transition temperatures for heating
and cooling curve is uncertain

3.4.3. Impedance analysis of MAPb1-xBaxI3 crystals
The plotted Nyquist plots show single distorted semicircular arcs whose radii become
smaller as the temperature increases (Figure 3.9). The arcs emerge at high frequencies and hence
corresponds to a bulk effect. As the Ba amounts increases in the sample (from 5-10%) a low
frequency arc starts to emerge which corresponds to grain boundary effect. Even though the grain
boundary effect is not fully detectable within the range of the frequency studied, it can be
concluded that the high number of dopants can modify the grain boundary behavior.
The frequency and temperature dependence of capacitance for different Ba% varies as in
Figure 3.10. The data for empty cell capacitance is plotted in Ba 0% graph for comparison. At high
frequencies (~1MHz) the capacitance reaches the bulk capacitance which is frequency
independent.
Furthermore, as given in the Figure 3.11, the dark conductivity of the Ba2+ doped MAPbI3
samples increases with increasing Ba content. Figure 3.12 shows the dark conductivity variation
for room temperature with increasing Ba content.
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Figure 3.9. Temperature dependence Nyquist plots for MAPb1-xBaxI3 pellets sandwiched between two Cu electrodes.

.
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Figure 3.10. Temperature and frequency dependence Capacitance of MAPb 1-xBaxI3 pellets sandwiched between
two Cu electrodes.
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Figure 3.11. Temperature and composition dependence of dark conductivity of Ba doped MAPbI3 pellets.
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Figure 3.12. Variation of dark conductivity at room temperature with Ba % in Ba2 doped MAPbI3 pellets.
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From previous studies it is shown that the dark conductivity in MAPbI3 is ionic to a
substantial degree [167]. Therefore, it can be assumed that this conductivity contribution is coming
from ions in the samples. Moreover, it is also reported that the ionic conductivity arises from point
defect mediated ion migration of MA+ [168, 169] and I- [170, 171, 172]. Theoretical studies from
first principle calculations suggested that the activation energies for ion migrations of I- (0.58eV)
is smaller than that for MA+(0.84 eV) and Pb2+ (2.3 eV) [173] and it is shown that iodine vacancy
is the most favorable point defect for ionic migration in bulk MAPbI3 in comparison to the cost of
energy of interstitial migration. Also, the I- ions in the edge of PbI64- octahedron have a shorter
distance to the nearest I- vacancy (~4.46 Å) than Pb2+ (~6.28 Å) ions, hence the majority of mobile
ions were suggested to be I-ions [174]. By successive motion of negative iodine ions into
neighboring vacancies, a unit of negative charge can be moved with relative ease across the lattice.
Thus, in the pristine sample, it can be assumed that the ionic conductivity arises mainly from
vacancy mediated by I- migration.
Since the Ba2+ is isovalent to Pb2+, the observed conductivity behavior can be related to the
observed lattice distortion by the isovalent ion doping. When Pb2+ site is replaced by larger Ba2+
ion, atoms locally rearrange their positions resulting a tensile strain near the Ba site and leaving
the neighboring Pb site under compression. Energy minimization can be achieved by lattice
relaxation and may introduce a net change in lattice parameter. This effect can be seen in the xrd
data as the lattice expansion grows upon Ba incorporation. We propose that strain increases the
defect concentration thereby increasing the ionic conductivity.
To discuss further, let’s consider defect formation in a perfect lattice. The Gibbs free energy
(G) of the lattice is given by,
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G = U − TS + PV = H − TS

Eq. 3.9

where U is the internal energy, H is the enthalpy, T is the absolute temperature, V is the volume P
is the pressure and S is the entropy. The structural stability of the lattice is achieved by
minimization of G. At thermodynamic equilibrium, a lattice consists of atoms on the regular lattice
sites and the intrinsic point defects randomly distributed on some lattice sites. Vacancies and
interstitials are known to be intrinsic point defects of real crystals. Formation of such defects is
often constrained by charge neutrality. This can be achieved by several ways. There can be
essentially equal number of positive and negative ion vacancies (Schottky defects) or there can be
equal numbers of vacancies and interstitials of the same ion (Frenkel defects).
Vacancy formation (empty sites) in a perfect lattice leads to distortions of the lattice and
thereby increases the potential energy of the system. Hence the enthalpy (H) of the lattice increases
compared to the perfect lattice. Then the work requires to form such a point defect or the enthalpy
of formation of one vacancy (Hf) can be given by the following equation.
Hv = (H crystal with one vacancy− H perfect crystal)

Eq.3.10

Also, as the vacancy is introduced into a perfect crystal the orderliness of the system
reduces. That means, configurational entropy (S configurational) of the system increases upon vacancy
formation. Then the change in entropy(S) can be given by,
S = S configurational = (S state with vacancies – S state without vacancies=perfect crystal)

But,
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Eq. 3.11

S perfect crystal = 0

Eq. 3.12

Hence,
S configurational = S state with vacancies

Eq. 3.13

Then the change in free energy due to putting n number of vacancies in a perfect lattice can
be given by,
G = (G crystal with vacancies − G perfect crystal) = H − T S = n.Hv − T S configurational.

Eq. 3.14

Therefore, the Gibbs free energy can be lowered by accommodating some vacancies into
the lattice, at a cost of energy to put vacancies into a lattice and at the gain of configurational
entropy due to vacancies.
Moreover, the probability of finding a lattice site in vacant is given by,

𝑃=

1
𝐻𝑣

Eq. 3.15

1 + 𝑒 𝑘𝑇

If there are N sites and n vacancies and for n<<N, the above relation can be approximated
by,

P=

−Hv
n
≈ e kT
N

Eq. 3.16

In the case of Frenkel defects, if nf is the number of Frenkel defects (which is equals to
number of interstitial atoms) the above relationship is given by,
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−Hf
nf
≈ e 2kT
N

Eq.3.17

where, Hf is the energy required to displace an atom from a regular lattice site to an interstitial
site. Hence, the defect formation within the lattice can be enhance by lowering the defect formation
energy. So, at thermal equilibrium, the concentration of point defects is governed by the energy of
defect formation and the existence of point defects in the lattice is represent by the configurational
entropy.
In the case of pristine MAPbI3, the lattice consists of some number of intrinsic vacancies
other than the atoms in their regular lattice sites. The MAPb1-xBaxI3 lattice where Ba atoms
partially replace the Pb atoms, is a strained lattice compare to the pristine one. We suggest that in
this lattice, the defect formation energy is low and thereby the number of vacancies presence is
higher than that of the pristine lattice.
As mention earlier, the ionic conductivity arises mainly from vacancy mediated Imigration. Hence, to enhance I- migration, the vacancy sites available for I- must be increased.
Also, as previously mention, the enhancement of defect formation should be related to the lattice
distortion by the Ba ions. In this regard the defect formation in Ba doped lattice can be ascribed to
the change in atomic interactions at Ba sites. The interactions in ionic and heteropolar crystals like
MAPbI3 is influenced by the Madelung electrostatic potential [175]. Then the electrostatic
interaction (𝑢𝑐𝑜𝑢𝑙 (𝑟) ) per ion pair has the form,

𝑢𝑐𝑜𝑢𝑙 (𝑟) = −𝛼

𝑒2
𝑟

Eq. 3.18

where α known as Madelung constant, depends only on the crystal structure, r is the nearest
neighbor distance and e is the electron charge.
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The α depends on the coordination number, i.e., the number of nearest neighbors (of
opposite charge) [176] in the pristine lattice, iodine in the Pb-I plane is only affected by interaction
by Pb ions (Figure 3.13 (a)). On the other hand, iodine ions in MAPb1-xBaxI3 lattice should have a
different interaction due to neighboring Ba and Pb ions (Figure 3.13 (b)). Note that the
coordination number for I in both lattices is same. But the Ba-I bond length (3.23 Å) is larger than
that of Pb-I (3.11 Å) [177]. Consequently, the absolute value for the Madelung potential is smaller
for iodine in Ba doped lattice. This may cause displacement of an iodine atom from the lattice site
into a nearby interstitial site forming an iodine vacancy and interstitial at a given temperature
(Frenkel pair). Due to the spatial availability near the Ba site, the interstitial can be in close
proximity with the vacancy. In the case of pristine lattice such Frenkel pairs may cost more energy
to form due to spatial unavailability nearby as in MAPb1-xBaxI3 lattice. Hence other than the regular
intrinsic vacancies in regular Pb sites, Ba sites may introduce extra vacancies to the lattice by
Frenkel defect formation and as a result it enhances the ionic conductivity for increasing Ba
amounts in the samples.
Moreover, as seen in the Figure 3.11, the conductivity increases with the temperature. This
can be explained according to the Eq.3.17, which represents the enhancement of defect
concentration with increasing temperature. The increase in thermal energy increases the atomic
vibrations and may cause bond breaking and thereby increase the defects. On the other hand,
thermal vibrations make it easier for an iodine atom to move to nearby vacancy and enhance the
ionic motion.
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a

b

Figure 3.13. Schematic atomic arrangement in the Pb-I plane in a) MAPbI3 and b) MAPb1-xBaxI3 Lattice. Red, blue
and yellow circles represent I, Pb and Ba atoms respectively. (Here, for simplicity, the octahedral tilting of the
tetragonal structure is not shown)

Also, there is an increase in dark conductivity an order of magnitude from 0-5 % (10-6 -105

Sm-1) Ba2+ doping and then as higher dopant concentration is approached (10%) it looks as it

starts to saturate (Figure 3.12). This can be due to formation of Ba clusters at high concentrations
which may saturate the number of defects in Ba sites and the clusters can act as scatters for the
ionic motion thereby decreasing the ionic conductivity. Furthermore, the bulk dielectric constant
of the Ba2+ doped MAPbI3 samples increases with increasing Ba content as given in Figure 3.14.
The dielectric constant of a material directly depends on the dipoles and their behavior within the
material.
If we place a dielectric material in an electric field, the electric field polarizes the molecules
in the material and turns them into dipoles. The average electrical dipole moment p̅ is given by,
p̅ = rq
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Eq.3.19

where, r is the radius of the dipole and q is the charge of the dipole. It can also be written as,
̅
p̅ = αE

Eq. 3.20

where, α is the polarizability of the material, which is the ability to form instantaneous dipoles in
̅ is the applied electric field. Then the polarization ̅
an electric field and E
P or net electric dipole
moment density is given by,
̅
̅
P = Np̅ = NαE

Eq. 3.21

̅ , of a dielectric
where, N is the number of dipoles per unit volume. Also, the electric flux density D
material is given by,
̅ = ε0 E
̅+ P
̅
D

Eq. 3.22

̅ is the applied electric field and ̅
where, ε0 is the permittivity of free space, E
P is the polarization.
The dielectric constant ε is defined as the ratio of electric flux density to electric field intensity and
is given by,

ε = ε0 +

P
E

Eq. 3.23

̅ and electric field E
̅vectors. Hence, for a given
where P and E are the magnitudes of polarization P
̅ is the
electric field, polarization determines the dielectric constant of the material. Note that P
contribution from both induced and permanent dipoles in the material.
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Figure 3.14. Variation of bulk dielectric constant with Ba % and temperature of Ba doped MAPbI3 pellets.

In MAPbI3, the MA+ ion has a permanent electric dipole moment; thus, a dynamic process
changing the orientation of this ion can contribute to the dielectric properties of the substances
[178, 179, 180]. Specially within the frequency range where the bulk properties were determined
(MHz regime), the polarization response is reported to be the contribution from MA+ rotation and
its associated dipole moment along C-N bond axis [181]. Near room temperature the entropy
associated with MA+ orientation is high and upon lowering the temperature, entropy of MA+ dipole
orientation decreases reflecting an increase in dielectric constant [182]. In that low temperature
orthorhombic phase MA+ are well oriented to maximize the hydrogen bonding with I in PbI6
octahedral [183]. In contrast, in the tetragonal phase MA molecules are randomly oriented and
shows no orientational correlation between them resulting high orientational disorder [182].
Considering the above facts, reduction of orientational disorder of MA molecules in the tetragonal
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lattice can enhance the dielectric constant. To explain the observed behavior of dielectric constant
with the Ba incorporation, we can suggest that the distortion of the Ba sites causes the orientation
of MA molecules to be ordered to some extent and thereby increases the dielectric constant. Since
the orientation of MA molecules depends on the hydrogen bonds it forms with iodides in
octahedron [184], displacement of I due to lattice distortion may introduce a preferred orientation
of MA molecules within the Ba site. In the literature, similar increasing behavior in dielectric
constant with the dopant was reported for Fe2+ doped MAPbI3 films and the behavior was
attributed to the creation of larger grains during the crystallization due to the high residual stress
cause by the Fe2+ dopants [185]. On that account, within that large grains there is a possibility for
MA molecules to be ordered. In our case, this can be related to the expanded Ba sites.
Also, there is an observed variation of the dielectric constant with the temperature. This
can be due to the thermal effect on the orientational polarization. As the molecules receive more
thermal energy the random motion become greater and molecules align less closely with each other
making less orientational polarization and hence dielectric constant can be lowered. This effect is
observed experimentally up to a certain temperature, more likely 550C as given in above plot
(Figure 3.14). After that the trend shows a discontinuity and that can be due to the tetragonal to
cubic phase transition of the materials which agrees with DSC data. From the DSC curve the
transition temperature was calculated to be 570C. During the phase change, the structural change
will affect the orientation of the dipoles and hence the dielectric constant will change.
Further, from the impedance data that were collected, the frequency and temperature
dependence of dielectric constant of Ba doped MAPbI3 can be analyzed as follows. For a material,
the dielectric constant (𝜀) can be written as a complex number,
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ε = ε′ − jε′′

Eq. 3.24

where, ε′ and ε′′ are the real and imaginary part of the dielectric constant. The ε′ represents the
dispersion, which is the dependence of ε of the material on the frequency of an applied field, and
the ε′′ represents the loss characteristic of the dielectric response of dipolar materials, which
quantifies the dissipation of electrical energy in the form of heat. Also, the ratio between, ε′ and
ε′′ is known as the loss tangent,

tan δ =

ε′′
ε′

Eq.3.25

Since the complex dielectric constant is related to complex impedance by,

ε=

1
jωC0 Z

Eq. 3.26

C0 =

d
2πfAε0

Eq. 3.27

d
−Z ′′
[ ′2
]
2πfAε0 Z + Z ′′2

Eq. 3.28

d
Z′
ε =
[
]
2πfAε0 Z ′2 + Z ′′2

Eq. 3.29

with

then, ε′ and ε′′ can be expressed as,

ε′ =

′′
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where d is the thickness of the pellet, A is surface area of the electrode used in IS measurements
and ε0 and f are the vacuum permittivity and the frequency respectively [186].
Figure 3.15 shows the, frequency and temperature dependence of the real part of the
dielectric constant (ε′ ) for different Ba %. Towards the low frequency end there is a clear increase
in the dielectric function which agrees with the previously published reports for pristine samples
[171,187,188,189]. This change is attributed to the slow ionic migration of I- [190]. From the same
plots it is also evident that with increasing Ba%, ε′ also increases. This agrees with the assumption
we made earlier about more defects formation with increasing Ba % in the sample, which leads to
enhancement of I- in motion thereby increase the polarization response in this low frequency
regime. Also, at low frequencies the value of ε′ increases with temperature whereas towards high
frequencies ~MHz the increase is at smaller rate. In that high frequency region, the polarization
response is mainly from reorientation of MA+ ion with a permanent dipole and the increase in ε′
can be ascribed to the lattice distortion with Ba incorporation minimize the orientational disorder
of MA+ giving increase polarization response as described in a previous section. As shows in the
Figure 3.16, the dielectric loss (𝜀 ′′ ) shows 1/f dependence below 10 kHz region, a phenomenon
known as ‘Jonscher’s law’ and it reveals the ionic conductivity nature of the material [189, 191].
Moreover, the loss tangent (tan 𝛿) plotted against frequency for different temperatures
shows high values at low frequencies and the peak value shifts toward the high frequency (shown
by an arrow) as the temperature is increased (Figure 3.17). While we do not have an explanation
for this behavior; similar behavior for MAPbI3 thin films was reported in the literature; they were
also unable to explain this phenomenon [192].
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Figure 3.15. Temperature dependence of real part of dielectric constant for Ba doped MAPbI3 pellets.
(Temperatures are given in 0C)
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Figure 3.16. Temperature dependence of imaginary part of dielectric constant for Ba doped MAPbI3 pellets.
(Temperatures are given in 0C)
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2+

Figure 3.17. Temperature and frequency dependence of loss tangent for Ba doped MAPbI3 pellets. (Temperatures
are given in 0C)

In addition, with increasing Ba% in the samples, the value and the peak frequency of tan 𝛿
also increases. Towards high frequencies (~MHz), there is almost no loss. As mentioned earlier at
low frequencies the dielectric response is coming from I- ion motion. So, this loss can be attributed
to conduction loss of the iodide ions. As more I- ions are present with the increased doping, they
may cause more collisions in ion conduction hence result in conduction loss and thereby increase
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the value of loss tangent for one particular temperature. However, the origin of shift of loss tangent
peak towards high frequencies with increasing Ba % and temperature (Figure 3.18) is uncertain.

2+

Figure 3.18. Temperature and frequency dependence of peak of loss tangent for 5% and 10% Ba doped
MAPbI3 samples where the peaks can be seen. (The numbers next to data points represent the sample
temperature in 0C during the measurements)
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3.5. Conclusions
In conclusion, nontoxic Ba doped MAPbI3 polycrystals (MAPb1-xBaxI3 with x= 1,5 and 10)
were successfully synthesized and their structural, calorimetric, ionic conductivity and dielectric
properties were investigated. From PXRD spectroscopy it was found that the room temperature
tetragonal structure of pristine MAPbI3 perovskite was preserved upon Ba2+ doping at 1, 5 and
10% dopant concentrations. In addition, lattice expansion was observed with increasing Ba% and
it was ascribed to the replacement of Pb2+ with Ba2+ which has a little larger ionic radius (1.35Å)
than Pb2+(1.19Å). From the DSC studies it was found that, within the used dopant concentrations,
there is no effect on the tetragonal to cubic phase transition temperature. Also using AC impedance
spectroscopy, dark conductivity of prepared perovskite samples was found to be increasing with
increasing Ba content in the samples. Furthermore, it was found that the conductivity arises mainly
from vacancy mediated I- migration and the observed conductivity behavior with dopants was
ascribed to lattice distortion caused by the isovalent ion doping. It was suggested that the lowering
of defect formation energies in the distorted lattice may increase the number of vacancies and
thereby enhance the I- migration. Moreover, the bulk dielectric constant was found to be increasing
with increasing dopant amounts in the samples and it was correlated to the ordering of MA dipoles
and the distortions of the Ba sites in the lattice. Additionally, the temperature dependence of
dielectric constants was observed for all the samples and it was attributed to thermal effects on
orientation polarization of MA molecules.
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APPENDIX
Permissions from the Copyright Holders to use the following figures in this Ph.D. dissertation
1. Figure 1.2: Comparison of global energy potential with renewable and nonrenewable
energy sources (Terawatts per year). Total recoverable reserves are shown for the finite
resources. For renewable sources, yearly potential is shown. (Adapted with permission
from [Error! Bookmark not defined.])
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2. Figure 1.6: Basic classification of photovoltaics (Adapted with permission from
[Error! Bookmark not defined.])
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3. Figure 1.8 (a) Cubic perovskite crystal structure. (Adapted with permission from
[Error! Bookmark not defined.]) and Figure 1.9: Calculated t and μ factors for some
OIMH perovskites. The corresponding formamidinium (CH(NH2)2+) based halides are
expected to have intermediate values between those of methyl ammonium (CH3NH3+
or MA) and ethyl ammonium (CH3CH2NH3+ or EA) compounds shown. (Adapted with
permission from [16]).
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4. Figure 1.11 (a) Electronic band structure with (left) and without (middle) the MA cation
and contributions of MA, Pb and I on the DOS (right) of low temperature orthorhombic
phase (adapted with permission from [Error! Bookmark not defined.])
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5. Figure 1.11 Band structure and energy gap for (b) cubic (c) tetragonal and (d)
orthorhombic phases (adapted with permission from [Error! Bookmark not
defined.]) of MAPbI3 perovskite.
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6. Figure 1.12: The schematic optical absorption mechanisms of (a) 1st generation (Si),
(b)2nd generation (GaAs) and (c) perovskite halide (MAPbI3) photo absorbers (adapted
with permission from [Error! Bookmark not defined.]). Egi and Egd represent indirect
and direct bandgaps respectively.
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7. Figure 1.13: (a) Electronic density of states (DOS), (b) Joint density of states (JDOS)
(c) optical absorption coefficient for MAPbI3 and GaAs and (d) Calculated maximum
efficiencies of MAPbI3, CIS, CZTS and GaAs as a function of film thickness. (Adapted
with permission from [26]). CIS and CZTS represent copper-indium-gallium-selenide
and copper-zinc-tin-selenide solar cell absorbers respectively.
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8. Figure 1.14: Schematics of (a) Bandgap tuning by compositional engineering of
elements in OILH perovskites (adapted with permission from [Error! Bookmark not
defined.]

153

154

155

156

157

158

159

9. Figure 1.15: (b) a multidomain ferroelectric thin-film as hypothesized for hybrid halide
perovskite solar cells. The diffusion highways for electrons and holes are shown by
blue and red lines with arrows respectively (adapted with permission from [46]).
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10. Figure 1.16: Representative fabrication methods for perovskite thin films: (a) One-step
spin coating method (b) Two-step spin coating method(c) Doctor blade method (d)
Dual source vapor deposition method (e)Sequential vapor deposition method and (f)
Vapor-assisted solution method((a), (b), (d), (e)and(f) are adapted with permission
from [54]
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11. Figure 1.17: Schematic diagrams of perovskite solar cells in the (a) n-i-p mesoscopic,
(b) n-i-p planar, (c) p-i-n planar, (d) p-i-n mesoscopic structures (adapted with
permission from [56]) and Figure 1.18: Schematic diagram showing the energy levels,
from left to right, for representative cathode, ETM, absorber, HTM and anode material
(copyright [56])].
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12. Figure 2.21: A schematic of room temperature tetragonal unit cell of MAPbI3
perovskite. [Adapted with permission from [Error! Bookmark not defined.]]
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13. Figure 3.4: (a) and (d) show two common RC circuits. Parts (b ) and (e ) show their
impedance plane plots.Arrows indicate the direction ofincreasing frequency.(Adapted
with the permission from [Error! Bookmark not defined.]).
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